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1. Introduction

This is the final project report on the research program entitled "Elec-
tromagnetic Interactions in High-Speed Integrated Electronic Circuits" sup-
ported by the Office of Naval Research under ONR Contract Number NO0OO14-86-K-
0609. It reports research conducted during the contract period of June 1,

1986 to December 31, 1988.

The objective of this research was to investigate electromagnetic inter-
actions among components within microstrip-based circuits fabricated adjacent
to the layered surround characteristic of a high-speed MMIC environment. EM
fields maintained by currents immersed in layered dielectric/ferrimagnetic
media are exploited to study the complete propagation-mode spectrum of micro-
strip lines and their interactions with the coupled microstrip devices which
they interconnect. Seven related research topics were investigated in connec-

tion with this program, and they are described in Section 4 of this report.

The seven scientific collaborators who contributed to the research pro-
gram are identified in Section 2 of this report. Section 3 details biblio-
graphical information on the eighteen research papers which were precipitated
by the investigations supported by this contract. Finally, Section 4 includes
a technical description of the project and results; the seven sub-sections
there provide details of research on the major topics investigated in connec-
tion with the program. Extensive reference is made to sciectific papers from

Section 3, copies of which are included in Section 4.
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2. Scientific Collaborators on Project

The following individuals have participated in, and contributed to, the

research program during the contract period.

Faculty:

1. Dennis P. Nyquist, Professor of Electrica! Engineering, Principal

Investigator.

2. Byron C. Drachman, Professor of Mathematics, Co-Principal

Investigator.

Doctoral-Level Students:

1. Michael J. Cloud, Graduate Assistant, Electrical Engineering Ph.D.

Degree awarded in December 1987.

2. Yi Yuan, Graduate Assistant, Electrical Engineering Ph.D. Degree

expected in June 1990.

Master’s-Level Students:

1. Eric W. Blumbergs, Graduate Assistant, Electrical Engineering M.S.
Degree expected in June 1989.

Undergraduate Students:

.1.. Paul F. Havala, Undergraduate Assistant, Electrical Engineering B.S.

Degree awarded in June 1987; presently completing his M.S. Degree.

2. Darius Adamozyk, Undergraduate Assistant, Electrical Engineering B.S.

Degree awarded in June 1988.




3.

Contributed Papers Arising from Research Program

The following eighteen scientific papers, reporting results of this re-

search, were produced during the Contract period.

(1]

(2]

(3]

(4]

(S]

(6]

(7]

(8]

(9]

(10]

f11]

B. C. Drachman, D. P. Nyquist, and M. J. Cloud, "Accurate evaluation of
Sommerfeld integrals using the fast Fourier transform,” Nat. Radio
Science (USNC/URSI) Meeting, University of Colorado, Boulder, CO, digest
p. 73, Jan. 1987.

J. S. Bagby and D. P. Nyquist, "Radiative and surface-wave losses in
microstrip transmission lines," Nat. Radio Science (USNC/URSI) Meeting,
University of Colorado, Boulder, CO, digest p. 226, Jan. 1987.

J. S. Bagby and D. P. Nyquist, "Dyadic Green’s functions for integrated
electronic and optical circuits,” IEEE MTT-S Trans. 35, 2, 206-210 (Feb.
1987). _

M. S. Viola, D. P. Nyquist, and B. C. Drachman, “On the Sommerfeld inte-
gral representation of the electric dyadic Green’'s function for layered
media," URSI Radio Science Meeting, Virginia Tech, Blacksburg, VA, di-
gest p. 278, June 1987.

M. J. Cloud and D. P. Nyquist, "Complete propagation-mode spectrum of
microstrip guiding structures," URSI Radio Science Meeting, Virginia
Tech, Blacksburg, VA, digest p. 120, June 1987.

E. W. Blumbergs, D. P. Nyquist, and P. F. Havala, "Integral equation
formulation for a circular patch antenna in a layered environment," URSI
Radio Science Meeting, Virginia Tech, Blacksburg, VA, digest p. 149,
June 1987.

M. J. Cloud, "Electromagnetic Interactions in Integrated Electronic
Circuits," Ph.D. Dissertation, Department of Electrical Engineering,
Michigan State University, East Lansing, MI, December 1987.

D. P. Nyquist, M. S. Viola, M. J. Cloud, and M. Havrilla, "On
Sommerfeld-integral electric field kernels for microstrip-based
circuits,” Nat. Radio Science (USNC/URSI) Meeting, University of
Colorado, Boulder, CO, digest p. 112, Jan. 1988.

M. S. Viola and D. P. Nyquist, "An observation on the Sommerfeld inte-
gral representation of the electric dyadic Green’s function for layered
media, " IEEE MTT-S Trans. 36, 8, 1289-1292 (August 1988).

C. H. Lee, J. S. Bagby, Y. Yuan and D. P. Nyquist, "Entire basis MoM
analysis of coupled microstrip transmission lines,"” Nat. Radio Science
(USNC/URSI) Meeting, University of Colorado, Boulder, CO, digest p. 179,
Jan. 1989.

Y. Yuan and D. P. Nyquist, "EFIE-based perturbation approximation for

coupled microstrip lines," Nat. Radio Science (USNC/URSI) Meeting, Uni-
versity of Colorado, Boulder, CO, digest p. 180, Jan. 1989.
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[12]

(13]

(14}

[15]

[16]

[17]

[18]

B. Drachman, M. Cloud, and D. Nyquist, "Accurate evaluation of
Sommerfeld integrals using the fast Fourier transform," to appear in
IEEE AP-S Trans., April 1988.

Y. Yuan and D. P. Nyquist, "Electric dyadic Green’s function for layered
media with dielectric/magnetic contrast,” to be presented at 1989 URSI
Nat. Radio Science (USNC/URSI) Meeting, SanJose, CA, June 26-30, 1989.

Y. Yuan, J. Vezmar, G. King and D. P. Nyquist, "Coupled microstrip tran-
smission lines: full-wave perturbation theory and experimental valida-
tion," to be presented at 1989 URSI Radio Science (USNC/URSI) Meeting,
SanJose, CA, June 26-30, 1989.

D. P. Nyquist "Dyadic Green’s functions for EM fields in the layered
PC/IC environment--representation, properties, and applications,” to be
presented at PIERS (Progress in Electromagnetics Research Symposium),
MIT, Cambridge, Massachusetts, July 1989.

D. P. Nyquist, "Deduction of EM phenomena in microstrip circuits from an
integral-operator description of the system," Proceedings of the URSI
Triennial EM Theory Symposium, Stockholm, Sweden, August 14-17, 1989.

M. J. Cloud and D. P. Nyquist, "A note on the mixed potential represen-
tation of electric fields in layererd media," to appear in IEEE MTIT-S
Trans., August 1989,

C. H. Lee, J. S. Bagby, Y. Yuan, and D. P. Nyquist, "Entire-domain basis
MoM analysis of coupled microstrip transmission lines," submitted to
IEEE MTT-S Trans., February 1989.




4. Technical Description of Project and Results

A technical description of the seven majoi research topics investigated
in connection with the project is included in the corresponding sub-sections
to follow. All bibliographic references are to scientific papers precipitated
by that research, as listed in Section 3. Reproductions of research papers

relevant to each subsection are included following those sections.

4.1 Electromagnetics of layered dielectric/ferrimagnetic-media

A major accomplishment during the contract period was the development of
a full-wave theory for the electromagnetics of layered dielectric/ferrimag-
netic media. A dyadic Green’s function for the electric field maintained by
electric currents, immersed in a tri-layered substrate/film/cover surround
having general linear, isotropic dielectric and magnetic properties, was ob-
tained. In the special case where the substrate layer becomes perfectly con-
ducting (negative infinite imaginary permittivity), the tri-layered background
becomes that appropriate for the MMIC environment. This formulation and its

results are reported in papers [(3,4,9,13,15,17].

The Hertz potential boundary conditions of [3) are generalized in [13,17]
to allow magnetic permeability contrast between the various isotropic, homo-
geneous media layers. A two-dimensional spectral analysis subsequently leads
to the transform-domain Hertz potential maintained by currents immersed in the
tri-layered environment. The space-domain electric field is recovered by in-
verse Fourier transformation, which leads to a Sommerfeld-type integral repre-
sentation for that field. Subsequent complex analysis in the 2-d transform
plane provides for a decomposition of the field into discrete surface-wave and
continuous radiation-mode spectral components. The complete propagation mode
spectrum of the tri-layered environment, into wnich the field of any immersed
currents can be expanded, is consequently identified. The surface-wave con-
tribution arises from poles of implicated spectral-domain reflection and coup-
ling coefficients; those TE/TM poles of the tri-layered media are located by
the solutions to generalized eigenvalue equations which involve the dielectric
and magnetic properties of each layer and the film thickness. A specializa-
tion of the TM eigenvalue equation leads to precisely the recently reported .\

surface waves supported by a grounded, lossy planar ferrite slab.

The source-point singularity in the Sommerfeld-integral representation of

the electric Green’'s dyad for a layered IC environment was studied for the
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first time in [4,9]. An innate principal volume and associated depolarizing
dyad to properly accomodate that singularity were identified. A new mixed-
potential formulation for the electric field maintained by currents immersed
in the cover layer of the tri-layered IC environment was exposed in [17].

That formulation avoids the source-point singularity which arises from certain
derivitives of the corresponding Hertz potential, resulting in Sommerfeld in-

tegral representations which are relatively rapidly convergent.

The electromagnetic analysis of tri-layered substrate/film/cover media
provides the basis for study of electromagnetic interactions in MMIC's. It
provides, through Hertz potential and electric Green’'s dyads, a concise and
elegant description for EM excitation of such an integrated-circuit environ-
ment, in which no phenomena have been neglected. If the film layer is ferri-
magnetic with moderately high permittivity, new physical phenomena are expect-
ed since the surface-wave regime may couple with important microstrip propag-
ation modes unless the film is very thin. Each of the subsequent research
topics exploits this EM analysis of the tri-layered environment; its conse-
quences and physical implications are consequently investigated in connection

with each topic.
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Dyadic Green’s Functions for Integrated
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Dyadic Green’s Functions for Integrated Electronic
and Optical Circuits

JONATHAN S. BAGBY, MEMBER, 1EEE, AND
DENNIS P. NYQUIST, MEMBER, 1EEE

Abstract —Layered structures play an important role in both integrated
microwave circuits and optical integrated circuits. Accurate prediction of
device behavior requires evaluation of fields in the system. An increasingly
used mathematical formulation relies on integral equations: the electric
field in the device is expressed in terms of the device current integrated
into an electric Green's function. Details of the development of the
specialized Green’s functions used by various researchers have not ap-
peared in the literature. We present the development of general dyadic
electric Green’s functions for layered structures; this dyadic formulation
allows extension of previous analyses to cases where currents are arbi-
trarily directed. The electric-field Green’s dyads are found in terms of
associated Hertzian potential Green's dyads, developed via Sommerfeld's
classic method. Incidently, boundary conditions for electric Hertzian
potential are utilized; these boundary conditions, which have been a source
of confusion in the research community, are developed in fuill generality.
The dyadic forms derived herein are reducible in special cases to the
Green’s functions used by other workers.

I. INTRODUCTION

Layered dielectric structures, such as those depicted in Fig. 1,
play an important role in both integrated electronic circuits and
integrated optical circuits. In integrated electronics, conducting
“devic .s” are affixed to a dielectric film layer which is deposited
over a conducting ground plane. For integrated optical circuits, a
dielectric waveguiding region is typically placed on top of a
dielectric film layer; the film layer is, in tum, deposited on a

Manuscript received July 14, 1986; revised September 6, 1986.

J. S Bagby is with the Department of Electrical Engineering, University of
Texas at Arlington, Arlington, TX 76019.

D. P. Nyquist is with the Department of Electrical Engincering and Systems
Science, Michigan State University, East Lansing, M1 48824,

IEEE Log Number 8611631.

0018-9480,/87 /0200-0206301.00 ©1987 IEEE
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Fig. 1.
tegrated optical circuits.

substrate. In both cases, accurate prediction of device behavior
requires evaluation of the fields in the system.

Exact formulations for the clectric field in terms of differential
equations [1}, [2] are rendered ineffective for these more com-
plicated geometries by the inseparability of boundary conditions
at the device boundaries, and approximations based on such
formulations have been found to neglect important radiative
phenomena [3], [4). Alternative formulations have been gaining
favor; these formulations rely on integral equations to describe
the behavior of the system [4]-[8). The electric field in the system
is expressed in terms of a current integrated into an electric
Green'’s function; boundary conditions are incorporated in their
full generality in the Green's function. However, details of the
development of the Green's functions used by different
researchers have not appeared in the literature.

We present a general dyadic formulation for the electric Green's
functions for such layered structures. The dyadic forms derived
here allow extension of previous analyses to cases where normally
directed currents exist, such as in thick devices. The electric-field
Green's dyads are found in terms of associated Hertzian poten-
tial Green's dyads; these, in turn, are developed by an extension
of Sommerfeld’s classic method [9], with components expressed
as 2-D spatial frequency integrals of the Sommerfeld type. Inci-
dently, boundary conditions for electric Hertzian potential are
utilized; an adaptation of Sommerfeld's [9] development of these
boundary conditions, which have been a source of confusion
(compare, e.g., [10] and [11]). is given in the Appendix for the
reader’s convenience. Application of the Green's dyads to the
analysis of integrated microstrip circuits and integrated optical
waveguides is discussed.

II. PROTOTYPE POTENTIAL SOLUTIONS

In this section. we develop prot. - “pe solutions for the Hertzian
potential excited in layered background structures by impressed
currents. These solutions will later be specialized to the cases in
Fig. 1 by application of boundary conditions. The resultant
expressions for the potential in terms of the impressed current
allow identification of Hertzian potential dyadic Green's func-
tions, from which associated electric-field Green's dyads can be
found.

_ Consider the situation depicted in Fig, 2. An impressed current
J (or an impressed polanzation P = J/jw) radiates in the ith
layer of an infinite, multilayered dielectric structure, generating
electric Herzian potential in each layer. The total potential in
each layer is the sum of a primary part [1” and a scattered part,

O U ]

Typical structures for (a) integrated electronic circuits and (b) in-

s fiv, €2
Sk o
i {nt nE e
l ﬁ:-gj" €y
. l n:z €2

Fig. 2. Multilayered dielectric background siructure with source in rth laver

I1°%; the primary potential propagates directly from the source to
a field point in the ith layer, whereas the scattered potenual
arrives at a field point after being scattered (reflected or trans-
mitted) from interfaces between adjacent layers. These potentials
satisfy the following Helmholtz equations:

e iy -i
(vreii) o h={ T 1=
I1; 0, all /.
The solution for the primary potential in terms of the impressed
current is

? )

fiz(7) = [ G2 (A7) av’ (2)
where G?(r|F
function.

We solve (1) for the scattered potential by Fourier transforma-
tion on spatial variables tangential to the layer interfaces. Define
the transform pair F(7) « f(A, y), where A is the 2-D transform
variable X = £% + {. Then we have

)-cxp(—jk,R)/4ﬂR 1s the free-space Green's

32
(‘— ‘P:)"-ﬂ"o (3)
ay?
where p? = A2 — k? = £2 + {2 - k}. Equation (3) has solutions
(X, y) =W(X)exp(¥F p,y) (4)

where the coefficient W(X) is determined by application of
boundary conditions; (2) can also be transformed to facilitate
application of boundary conditions:

ﬂ ')

(X, y) = g7 (Xiy.y) = (9)
Here, J(7) « j(X; y) and g?(X; y.y") = exp(= p,|v = ¥'D/2p..
We will use (4) and (5) as prototype solutions for the trans-
formed Hertzian potential in the structures of Fig. 1. Since the
coefficients W(X) will depend on the transformed impressed
current through (5), inverse transformation of these expressions
will allow identification of the Hertzian potential Green's dyads
G(F|7") for these structu.es, with the total potential given by

f,(7) = [6(7)- S5 —(—2 av'. (6)

Once the Hertzian potential has been determined. the corre-
sponding electric field can be found as E=(vv- +kHI,, or

E(P) =(vv-+&}) [G(AF)- (—()dv

=[G (A7) —)dV' (7
9
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Fig. 3. Detail of potential components in (a) integrated electronic circuit and

(b) integrated optical circuit.

where the electric-field Green’s dyad G(F|F’) is defined by
G(FAIF’) =PV (vv-+k¥)G(FF )+ L8(F-7). (8)

P.V. indicates that spatial integration must be performed in the
principal value (P.V.) sense, and L is an appropriate depolarizing
dyad [12].

III. MicRroOSTRIP AND OPTICAL CIRCUIT GREEN'S DYADS

We now apply boundary conditions to the prototype Hertzian
potential solutions above to find specific Hertzian potential
Green's dyads for the cases in Fig. 1. For the sake of brevity,
some purely algebraic steps are omitted.

A. Microstrip Green's Dyad

First, consider the microstrip integrated circuit background
structure of Fig. 3(a). The transformed potentials in the cover
medium and film layer decompose into principal and reflected
parts as follows:

AL AL AL A& (9
where ¢ and f refer to the cover medium and film layer,
respectively. The principal potential #? is given by (5) with i
replaced by c; the scattered potentials are written in terms of the
prototype solution (4) as

7' = Bexp(py) w2 =Cexp(-py).
(10)

7= Adexp(- p.y)

We apply boundary conditions to evaluate the coefficient A()):
then (9) can be inverse-transformed to yield a general expression
for the potential in the cover medium in terms of the impressed
current.

Application of tangential Hertzian potential boundary condi-
tions (see the Appendix) at y=0 and y =~ results in an
expression for the tangential components of A in terms of a
tangential reflection coefficient, R, (A)

p. — pycoth pt

A, =RV, =x,z R,= 11
! amxns & P+ pycoth pt (11)
where the source term V is given by
W(X;57) &P
%=[LL—ley’. a=x,y,z. (12)

< P.

Application of normal boundary conditions at y =0 and y =
-t provides an expression for the normal component of A in
terms of a normal reflection coefficient R,(A) and a coupling
coefficient C(A)

Kp. - p,tanh p¢

A =RV, +C|j4V + SV.], R
! [t A ] Kp‘+p/lanhp,l

n

c 2AK-1)p, P
( p. + pycoth p,1)( Kp, + p,tanh pt) G/

(13)
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Having completely specified A. we are now in a position to
solve for the total potcntial in the cover medium. Inverse-trans-
forming (9) after substitution of (5) and (10)-(13) gives the result
in dyadic notation

)

i
f,.(7) = [ 677 )(—dV' (14)

The Hertzian potential Green's dyad in (14) is found to decom-
pose into a principal and a reflected part: G(FIF') = IG(FAIF")
+G” (F|7). with

- 1 )
G'(FIF") =3G'& + ;( TSGR+ G+ o o;s) + 3G (15)
X <

where the scalar components of the reflected Green's dyad are
given in terms of 2-D inverse transform integrals

(’I )\ R.(X)
w(FIF") — R,(X)
G(’I’ )} ey

K AF P ph o)

- d*x. (16)
2(27) p,

B. Integrated Circuit Greens Dyad

Now consider the optical integrated circuit background struc-
ture of Fig. 3(b). The potentials in the cover medium, film layer,
and substrate are in this case

F=il+ i Reiledl fe=d (17)

where c. f, and s refer to the cover, film, and substrate, respec-
tively. The principle potential 7" is as in (5) with ¢ replaced by c.
The scauered potentials are written in terms of the prototype
solutions (4)

7' = Bexp(p,y)
1-;: = bexp( pr‘v)‘

7 =dexp(~py)
L (18)
Once 4 is found via application of boundary conditions, (17) can
be inverse-transformed to give a general expression for the poten-
tial in the cover medium.

Application of tangential boundary conditions at y =0 and
y = — t once again gives the tangential components of 4 in terms
of a tangential reflection coefficient R (A)

P. —p/RZ
p.+pR,;

=Cexp( - py)

ptp tanh Pl
pr+p tanh Pt
(19)

A, =RV, a=x.: R, =

where the source term V is given by (12).
Application of normal boundary conditions at y =0 and -«
yields an expression for the normal component of A'in terms of a

normal reflection coefficient R,(X) and a coupling coefficient
C(A)

Kip - pRs
A, =RV, +C[ 4V + jsV.]. R, =———
s ] Kip. +pR,
.+ K. p,tanh p.t
R‘=p 2 Pr i K, =¢ /¢ K:=(‘/(,
K:p,+p‘tanhp,l
(1+R,)(1+R,)
2K, p,
(K- =1){(1= R)(1+ R,)e *nt
.Jp’ - _ ) +(K, -1)). (20)
| K.p +p,

We can now solve for the Hertzian potential in the cover by
inverse-transforming (17). The result is identical in form to (14).
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The Hertzian potential dyad again decomposes into a principle
and a reflected part; G('] )= IG’("I )+ G’("I?’), with G as
in (15) and (16) and R,, R,, and C as in (19) and (20).

IV. APPLICATIONS

In this section, we review some applications of the electric
Green's dyads found above in the analysis of waveguiding sys-
temns and compare them with specialized versions used by other
workers.

A. Microstrip Integral Equation
Consider the microstrip device illustrated in Fig. 1(a). I excita-

tion is provided by an incident electric field E', a surface current
K is induced on the surface of the microstrip device. This
induced current in tum supports a scattered field E* in the
system. The total tangenua.l electric field at the strip surface must
vanish, or — 7+ E' = {- E*. The scattered field may be written in
terms of the electric dyadic Green's function derived in Section
HI-A as

£s “t o (-.') ’

E(7) = [G(7IF ) g 45" (21)

Thus, we obtain an integral equation for the induced surface
current on the device

(')dS’--: E(P.

i [G(AF)- (2)
By assuming the microstrip device to be infinitely thin, we
recover a specialized version of this equation that has been
successfully utilized by several workers in the analysis of thin
microstrip structures [5]-(8]. This more general version provides
the basis for continuing research on surface wave and radiative
loss and coupling in thick microstrip devices.

B. Dielectric Waveguide Integral Equation

Consider the integrated dielectric waveguide of Fig. 1(b). If the
system is excited by an impressed field £, then the total field in
the system is E = E' + E’, where E* is the field scattered by the
waveguide core. The waveguide core can be replaced by an
induced distribution of equivalent polanzauon P = (e(7)—

,)E(‘) and the scattered field can be written in tcrms of this
equivalent polarization as

B9 = [y B0 (@
Then, setting E - E* = E', we have
E(7)- /( V2t Gy E(ry av = B(D) (20

which is an integral equation for the unznown total field in the
waveguiding system. This equation has been utilized successfully
in the analysis of propagation and field distribution in integrated
optical waveguides [4], and is the basis for continuing research on
quantification of surface wave and radiative loss in integrated
optics.

APPENDIX
HERTZIAN POTENTIAL BOUNDARY CONDITIONS

Here, we present an adaptation of Sommerfeld's (9] develop-
ment of Herizian potential boundary conditions to assist the
reader. Consider the situation in Fig. 4. Electric-type Hertzian

209

\’1&1’ A medium 1, ¢,
b
n\zll medium 2, €
2

Fig. 4. Hertzian potential at a diclectric interface.

potential exists in regions 1 and 2, separated by a locally planar
boundary. The fields in both regions are found in terms of the
potential in the region, T, or f1,, as E= (K2 +v v, A=
jwey xI1. Let the potenual in each region at a point at the
interface have components I -tI'I + all,, with 7 tangent and
# normal to the interface, and b-tXn The fields in each
region are given by

E, = kT +—a-(v-ﬁ)
) 1t

a Y
fb-EB(V'H) E,=k n"+a—"(V'H)

a d
H = jwc n H,= jw((zn,—ﬁﬂ,)

(25)

Enforcing continuity of tangential E at the interface gives V- ﬁ,
- V * Hz and

d
H, = jwcabl'l
nul - Knl2

(26)

with K = ¢, /¢,. In a similar fashion, continuity of tangential H
yields

sni, 4,
nm,=KI1,, —a’;--K an (27)
Finally, v- 11, ~ -1, and (26) give
3 )1
7o (M~ M) = (K™ - 1) —=. (28)

Equations (26)~(28) are thus the appropriate boundary condi-
tions for electric Hertzian potential at a material interface.

If medium 2 is a perfect conductor, the vanishing of tangential
E at the interface vields the following special case:

I

1
M,=0 —*=0. (29)
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The electric dyadic Green's function for layered media is
discussed. It is_well known that for the free-space electric dyadic
Green's function ﬁb, evaluation of the electric field at observation
points within the source region requires specification of a depola-
rizing dyad L. The dyad't'is dependent on the geometry of the
“principal volume" which excludes the singularity of G,. Special
considerations are invoked for the layered background media which
are appropriate for the electromagnetics of integrated electronics.

The relevant equation which uniquely defines the electric
field maintained by arbitrarily located electric currents in a
layered environment is established. Beginning with

E(r)=(kZ + v9-) [v (GP + G)-d(r*)av? (1)

and using the Sommerfeld-integral representation for the dyads
("principal® has the pertinent singularity, "reflected" é& is
well behaved) appearing in the integrand of (1), it is shown that
the electric field may be expressed as

V-V

E(:)=-jwu0 ;lg[ Ee(;;:')'j(:')dV' - tﬁ(;)/jwec (2)
s

<+ >
where G€ and L are quantified.

In conclusion, it is shown that for the layered-media electric
dyadic Green's function, the Sommerfeld-integral representation is
appropriate and leads to an innate option for the principal volume.
The correction term in (2) is precisely the depolarizing dyad
corresponding to this preferred choice of the excluding region.
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An Observation on the Sommerfeld-Integral
Representation of the Electric Dyadic
Green’s Function for Layered Media

MARK S. VIOLA aNp DENNIS P. NYQUIST, MEMBER, IEEE

Abstract —The electric dyadic Green'’s function for layered dielectrics is
discussed, It is well known that for the free-space electric dyadic Green’s
mco,nmammneuammmm
source region requires specification of a “principal volume™ along with the
mmdqd-mngdydl. Special considerations are invoked for

layered background media which are appropriste for the electromagnetics
of integrated electronics. It is shown that use of the Sommerfeld-integral
representstion of the electric dyadic Green’s function leads to an innate
choice for the depolarizing dyad. A corresponding principal volume is
subsequently identified; it is demonstrated that there exists an alternative
choice for this excluding region which leads to the same depolarizing dyad.

I. INTRODUCTION

There is an increasing interest in the study of optical and

clectronic circuits immersed in a layered dielectric surround.
Conventional differential-operator formulations for the fields
within these circuit devices are rendered ineffective due to the
inseparability of the applicable boundary conditions for struc-
tures having practical shapes. An integral-operator formulation,
based on the identification of equivalent volume polarization
currents, circumvents this difficulty. Construction of the integral
operator requires knowledge of the Green’s function for the
layered surround.
A general development of the Hertzian potential Green's dyad
G for layered dielectrics has been discussed by Bagby and
Nyquist {1]. Based on the classical method of Sommerfeld {2], the
Heruzian potential dyadic Green's function was shown to have
scalar components represented by 2-D spectral integrals. As
asserted by Yaghjian [3], the singularity of G is seen to arise from
that part of the dyad which is the Green's function G” (“prin-
cipal” Green's dyad) for the unbounded-space problem. In Sec-
tion II, the development in (1] is altered slightly so that identifi-
cation of a natural depolarizing dyad L relevant to the Green's
dyad G° for the electric field, may subsequently be made in
Section III.

Finally, the electric field is expressed in the standard form as a
volume integration of the scalar product of G° with the electric
current source J. The volume of integration extends over the
support of the current density but excludes the singularity point
of G°. The excluding region is identified as the “principal
volume” which corresponds to the preferred choice of the de-
polarizing dyad as tabulated in {3]. An alternative excluding
region, which is shown to be equivalent, is suggested to be useful
in practice due to its simple form.

II. HERTZIAN POTENTIAL GREEN’S DYAD

In this section, the Hertzian potential dyadic Green's function
is developed for the trilayered structure depicted in Fig. 1. A film
layer of thickness ¢ and refractive index n, is deposited over a

Manuscript received August 10, 1987; revised March 31, 1988. This work
was supported in part by the Natonal Science Foundation under Grant
ECS-8611958.

The authors are with the Department of Electrical Engineering and Systems
Science, Michigan State University, East Lansing. MI 48824
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v
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regioa J; y < -t
L (eubatrate)

Fig. 1. Trilayered diclectric structure with sources in the cover.

substrate region (y < —1t) which is characterized by index of
refraction n,. The region (y > 0) is the cover with refractive
index n_ in which electric current density J, maintaining electro-
magnetic ficlds in all three regions, is immersed. All media are
understood to possess limitingly small dissipation. Although the
ensuing analysis may be generalized for a structure having any
number of dielectric layers with embedded currents, the situation
in Fig. 1 serves for the purpose of illustration, and provides a
useful model for the background ot' practical electronic and
optical integrated circuits.

Subsequent analysis assumes: j) time harmonic (e/“‘) depen-
dence of the solutions to Maxwell’s equations and ii) all integrals
with unspecified limits span the eatire space. The Hertzian poten-
tial subject to the Lorentz gauge satisfies the Helmholtz equation

(92 + k)10, = = I/ jue, (1)
in each region (i=s, f,c for substrate, film, cover). Formal
operation on (1) with the 2-D Fourier transform

F(-) = [f{-}e ™ dxds @)
where N\ = %£ + Z{, reduces (1) to the ordinary differential equa-
tion

(8%/3y* = p2)w(X; y) = = i(N; y) /jwe, 3

where = F{II), j=F(J}, and p?=§%+{% - k2. Solution of
(3) is clementary, and may be written as a sum of primary
scattered parts. Thus this decomposition is

ahin) =8 [ inr) T2 av)

+ W (N)e?it + W (N)e?i (4)

where gP(N\; y,r) = e * "¢ Pd¥~¥1/2p  and 8§, is a Kronecker
delta. The coefficients W,* are determined by satisfying the
appropriate boundary conditions (1] across the dielectric inter-
faces and as y — + oo.

0018-9480/88 /0800-1289501.00 ©1988 IEEE
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Inversion of the transform-domain potentials yields the solu-

tionto(l)withthepotent.ialinthecoverregiongivcnby

.

dV’} dt¢dt

29 w5
Jwe,

(2 )’
+ fyb-'( rjr’)-

The reflected dyad G'(r|r) has scalar components G(r|r)
represented by 2-D Sommerfeld integrals of the gcneric form

Ga(rir' eN - Abaiae

d£ 5. (6)

Each of the coefficients C4(\) is a well-behgved function of N\
in the entire {-{ plane; hence derivatives of G" may be obtained
by formally differentiating under the spectral integral. Special
attention is required in determining derivatives of the principal
part of II.

The spectral integral on the right side of (5) represents the
primary part II” of the Hertzian potential. It is shown in the
Appendix that under the assumption that J and v-J are con-
tinuous and of compact support in V, derivatives up to second
order of II? may be obtained by formally differentiating under
the spectral integral. Therefore,

veo-I12(r) -——ffvv

. J(r)
Py r[j'vgp()‘;y,',) e

1
- (zw)’(ﬂvv'
{e,x-r[["<ygr(k; ».r) ji:? dV’]} dA

+/[vv.{ejk-r[j;l>ygp(x; y’r')
.i(_’dw]} m)

dV’}} dix (7a)

o ()
where the spatial integration has been split into regions in which
g’ is continuously differentiable. Tangential derivatives (i.e.,
derivatives with respect to x and z) of the bracketed term in (7b)
operate only on e/»”. However, performing the derivatives with
respect to y demands additional considerations. Appropriate use
of Leibnitz’s rule (4, pp. 321-325] for differentiation under the
integral sign reveals that

-:;{fy( g’ (N y-r)
I(r )dy,}

( )

( )

d v’

+f x”(\ )=

- P 4
/< ays Ny =SV

+f

y>y

( )dV'

3 .
-a—s( y.r)
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e Py=y)  gmply' =y J(,')
LY 4 - )
e (e 17
y =y
(r')
-/.. —x'(x 1) Sac
/.. ——g'(x )= ( ) av'.
A subsequent differentiation with respect to y yields
a? ( )
a_yz{f g’ (N y.r)
(r')
P(N-v. ¢
+/,> g’(\;y,r) o, av
( ’)
-/ e 23 P(N; y,r) dav’
3? J(r’)
+ 38" (N y.r)= v
fojos Qirn 0
o 3 e 2U-¥) 3 e PU-»
+[j¢‘1\" g _ce -
ay 2p. dy 2p.
J r
.(r)} o da’
jwe, |1
'y -y
O o) X
/;f<ya 28( 'y’r)jw(
7)) oy
J(x',py,2z .
]f ( .y ) -j\rdxldz;
Jwe
so that (7b) becomes
vv-II?(r)

-ff[fg(x rr)- )dV]dl.\
f/{/fyj"———(x'y'” —’)"dXdz'}e”"dz)\

LU PN J(r)/joe, (8
oy I(r)/joe, (8)

@)

- Jf|fnirr

where L = 75 and the dyad § is given by the expression

vv [e/\-(r-r’)e-r.(.v-y’)/g,,zp‘] ,
AvA v/ [ejk'(r—r')e-p,(_r'-y)/sﬂlpcl ,

y'<y
y'> y.
9

The term L-J was extracted from exploitation of the Fourier
inversion theorem [5, p. 315), and is found to correspond exactly
with that exposed in [3] for a “pillbox™ principal volume. The
form of g suggests that the “slice” exclusion i in Fig. 2 might be a
more natural principal volume pertaining to L. This assertion is
verified in part B of Section II1.

g(N\;r,r) = {




,.
Ss
ves \
- v
y-6& ( Pl “ $
S5
r '

Fig. 2. A “slice” principal volume excluding the singularity point of the
electric dyadic Green's function; closed surface S is the boundary of the
slice volume.

III. EiecTrIC DYADIC GREEN'S FUNCTION
A. Development of the Principal Dyad

The electric field E is related to the Hertzian potential by
E = (k? + v v-)IL. Using (8), the principal part of the field may
be written as

E?(r)=— junoff{fyf‘(k; r,r)-J(r) dV'} dA

~L-J(r)/jwe,

where the dyad §° = g/k? +(1/40%)[gPe/ .

Equation (10) is a useful expression for the principal part of
the electric field due to the simple nature of the integrand
appearing in the volume integral. However, (10) is not written in
the standard form as a volume integration of the scalar product
of a Green’s dyad with the electric current density. The depolariz-
ing dyad L has manifested itself naturally. Recognizing that the
corresponding “principal volume” is a pillbox {3] yields the
standard form for the electric field:

(10)

EP(r) = — jup, limof E‘(r, r)-J(r) a'V'--z-J(r)/jmgr
v V-o

(11)

where v is a pillbox excluding the singularity of G* at r and G*
is given by

G*(r.r)
=PLy-y)
(i+VV/kf)ffej"'(""’e_z d2\, y'<y
227)°p.
= =Py -y
(i+vv/k2)ff¢1\'(r-r')e___2_ dZA' y,> y.
¢ 227) p,
(12)

B. Eguivalence of Principal Volumes

The principal volume v in (11) was identified to be a pillbox as
tabulated in [3]. A more useful, and equivalent, exclusion is the
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“slice” volume shown in Fig. 2. Starting with the common
representation for the free-space Green’s function ¥ (r|r’) =
e~ /kdr=" /4g|r — r'|, it may be shown that for a “slice” principal
volume, the correction term E<(r) for the electric dyadic Green’s
function for field points in the source region is

E(r

[V\p(rlr) J(r)ds®  (13)

j(a)( 8—-0
where S, is shown in Fig. 2. The correction term above is now
shown to be equivalent to the correction term corresponding to a
pillbox principal volume. The surface integral term in (13) is split
into integrations over S, and S, (planes at y + §, respectively).
This yields for (13)

E<(

_[(o)( 8- 0{ /v"’(’lr)'y-‘wrl
J(x,y+8,2)dx"dz’

+fs v, o, sl (X, y—8,2) dx’dz’}. (14)
2

As §—0, S, approaches S, and J,(x’, y +8,2") approaches
J(x', y — 8, 2’) due to the smoothness of the boundary of V and
the continuity of J at y’= y_Thus, (14) simplifies to

ES(r) = o Jim /v W(rir) 228, (', y, ') dx'dz’ (15)

where S extends over the x’—z’ plane. Expressing v‘y in Carte-
sian form as

—jk, R
vH(rir) = (= jk~1/R) 7
(&(x'=x)+ p(y' = y)+2(2' - 2)]

jr —r'} it is found that

where R =

e tkeRa

V(A8 = (- jk.~1/R) pers) y28  (16)
where R, =[(x — x)?+(z— 2’)* + 82]'/2 Substitution of (16)

into (15) yields

1
E(r) = hm{ jzs( jk.=1/Ry)

e FkeRe

4er§

503y, 2) dx"‘"}' (17)

The integral in (17) may be decomposed into the sum of
integrals over § — C, and C,. C, is a circic centered at (x, z) with
radius ». As § — 0, integration over §~C, vanishes. If » is
chosen sufficiently small, then J,(x’, y,z) = J,(r) and e /*Rs =
1 so that (17) becomes

Jk +1/Rg

1
E(r)"}f‘.z}’-’,(r)ahflo{c‘)‘fc. P dx’dz’} (18a)

2nr?

1 v ik +1/r,
- —3/(r) tim {8 L
Jjwe r)s—?‘o{ -/;) e pdp}

1 . . 2u vjk. +1/r
o o) o

-

(18¢)

.
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where 7, = (p? + §2)!/2, In going from (18a) to (18b), integration
over (, has been transformed to polar coordinates. Performing
the angular integration is trivial and yields (18c). Noting that the
integrand in (18¢c) is a perfect differential, the term in braces
becomes

a/o""—tl/ﬁpdp-a{,k n(g +82)' - (o +8?)" ‘/‘}|o

=8{ jk [1n(+? +87)""* - 18]

+ [1/8—(r2 +8’)'m]}

=1 (as3—0). (19)

Finally, substitution of (19) into (18¢) yields
E(r)=- -—y L(r)

which is precisely the same correction term appearing in (11).
Therefore integration excluding a “slice” principal volume is
equivalent to a pillbox exclusion, and evaluation of (11) may use
either of these volumes.

IV. CONCLUSIONS

In the study of layered-media electromagnetics, Sommerfeld
integrals are used 1o represent scalar components of the electric
dyadic Green’s function. The principal part of the electric field
may be written as a sum of a spectral integral along with a
correction term that appears naturally. The spectral integration
may be replaced with the more standard volume integral as in
(11). Recognition of the depolarizing dyad, which has manifested
itself innately, identifies the appropriate principal volume (a
pillbox). An equivalent excluding region to the pillbox is sug-
gested to be useful in practice due to its simple form.

APPENDIX

It is now shown that the differentiation under the spectral
integral as in (7) is a legitimate operation. Without loss of
generality, justifying this interchange of operations for the follow-
ing is sufficient:

f-/x AL ["‘"fyz’(k; y,r)I(r)dV'| d*A. (A1)

In (Al), k, is the real part of k.. Evaluation of p, is made on the
Riemann sheet with Re{ p .} > 0.

Assuming that J and v-J are continuous and have compact
support in V¥, use of the vector identity V- (@A)} = qU-4 + V-4
along with the divergence theorem on (Al) yields

f[x > k,vv'[’m'fyx’(k: y. r)J(r) dV'] e
"f/x >k'V [g{\-,fvv’.l(r’)gp()\; .7 dV‘] 420

A, o friaon

=plv-yl

']dix (A2)
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where F{v-J} is the Fourier transform of v-J as defined by
).

Next, use p.= p + jp;, where p, and p, are the real and
imaginary parts of p_, respectively. The exponential e~#17~1 s
of constant sign for all y. By the generalized first mean value
theorem for integrals [4, p. 117, the right side of (21) may be
written as

f_/; . v [e""Re{ F('-J(x',n,2')) e7pir =)

Vs € Pr1¥ ¥

’ ZA
2p. dy]d

Yemin

+ Jf/)‘ >k'v [,1*' Im { F{ v'-J(x'.4, z’)} e'}p,l_v—ﬂ}

e PAY-¥1

.["‘“2_.

Ymia P

dy’] d2A (A3)

where Yoo <(1,8) < ypax (J=0 for all y'<y 0, ¥> ymax)-
The spatial integration in (22) is trivial and leads to

fj; >k’V [e/k"Re { F{v-J(x',n,2°)}

o(p.:y)

ce~ipty=ni }
2p,p.

d\

+ jfj;)k’v [e’k"lm{F{V’-J(x’,ﬂ,z')}

i) 22 ?(#:y)
pfpt‘

dA (A4)

where @(p,; y) = (2— e P/~ Yma) = o Plyan=21} Since v-J s
continuous and of compact support in V, v-J € L? (ie, the
space of square integrable functions). Ia particular, for each y,
v-J is an L? function in the £~z plane. Using a standard
theorem from Fourier transform theory [5, pp. 310-313], the 2-D
Fourier transform of v-J is an L? function in the £-{ plane.
Thus, F{(v-J} =0A'~¢) as (A o0, €> 0). The integrand in
(A4) is dominated in magnitude by a function which is indepen-
dent of r and O(A~2"¢). The Weierstrauss M test [4, p. 470]
guarantces that the integral in (Ad) converges uniformly, whereby
a standard theorem from advanced calculus [4, p. 474] justifies
the interchange of differentiation and spectral integration.
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In the study of layered environments in electronic and
optical integrated circuits, integral-operator formulations are
increasingly exploited. Construction of such integral operators
requires an appropriate Green's function. In this paper, we pre-
sent the development of a general electric dyadic Green's function
for layered structures with magnetic as well as dielectric con-
trast. The general properties of that Green's dyad are studied.

In the tri-layered environment, a film of thickness t with
constitutive parameters (ef,uf) is deposited over a substrate

(y<-t) described by (es,ys). The region (y>0) is the cover with
parameters (ec,uc). The arbitrarily directed electric current K

is immersed in the cover or film region. By Sommerfeld's classi-
cal method, a Hertzian-potential dyadic Green's function is found
whih satisfies general boundary conditions. The electric Green's
dyad is expressed in terms of its Hertzian counterpart as

TR = (ki + WOBEIT) + T8(E-T)

T@IT) = TP RIZ) + TE.2)
where G is the Hertzian-potential Green's dyad, L is a depolariz-

ing dyad, 6P is the principal Green's function, and &' is a re-
flected Green's dyad. The scalar components of the reflected dyad
are obtained in 2-D spectral integral representations. The dyadic
Green's functions are reducible in certain special cases, such as
that of a conducting substrate layer.

The source-point singularity of the electric Green's dyad is

studied, and depolarizing dyad L is identified. It is demonstrat-
ed that the electric Green's dyad for layered media of general
contrast is reciprocal. Pole singularities of implicated reflect-
ion coefficients lead to general discrete surface-wave-mode eigen-
value equations.

The electric dyadic Green's function obtained is applied to
the microstrip transmission-line structure with magnetic (ferrite)
film and conductor substrate. The EFIE's based upon that Green's
function are solved by the MoM and by a perturbation approxima-
tion. Numerical results are obtained and compared with those of a
structure having a purely dielectric surround.
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DYADIC GREEN’S FUNCTIONS FOR EM FIELDS
IN THE LAYERED PC/IC ENVIRONMENT --
REPRESENTATION, PROPERTIES AND APPLICATIONS

Dennis P. Nyquist
Department of Electrical Engineering
Michigan State University
East Lansing, Michigan 48824

The study of EM interactions among electronic/optical devices in the
layered PC/IC environment has become a contemporary topic in electromagnetics
research. Interest is in microstrip or dielectric-waveguide based circuits
operating at microwave, millimeter, or optical wavelengths. Such circuits are
typically located adjacent to a planar, tri-layered substrate/film/cover
surround. In microvave and most mm-wave circuits, the dielectric substrate
layer is replaced by a good conductor. This paper exposes dyadic Green's
functions useful or the integral-operator description of such circuits, as
well as certain of their general properties and applicatioms.

Dyadic Green's functions for the Hertz potential and electric field
maintained by electric currents immersed in a tri-layered substrate/film/cover
surround are obtained in Sommerfeld integral representation; they are cast
into a form useful for the description of the EM field in the PC/IC environ-
ment. Arbitrary contrast of dielectric/magnetic properties among the several
linear, isotropic, homogeneous media in the tri-layered surround is accomo-
dated. A substrate with negative-infinite imaginary permittivity provides the
special case of a conducting layer. Alternative representations, arising from
real-line Fourier inversion and its subsequent conversion to a singularity
expansion involving pole and branch-point singularities, are exposed.

Several general properties of the Green‘s dyads are identified. Pole
singularities of integrands in the dyad representations correspond to TE/TM
surface waves supported by the asymmetric substrate/film/cover surround with
appropriate dielectric/magnetic contrast among layers. The electric Green's
dyad is demonstrated to be reciprocal, and its source-point singularity is
exposed. The latter singularity leads to an innate contribution to the
electric field at a source point which is absent in conventional eigenfunction
expansions of that field. A mixed-potential formulation identifies a scalar
potential maintained by charge immersed in the tri-layered environment.

The Green's dyads are applied to obtain an integral-operator description
for electronic/optical components in PC/IC configurations. Application to
open waveguides leads to quantification of the complete propagation-mode
(including radiation) spectrum as well as an excitation theory for discrete
modes. A coupled-mode perturbation theory for systems of adjacent open wave-
guides is exposed. The integral-operator formulation also provides a descrip-
tion for coupling of patch antennas and other devices among themselves and
associated transmission systems. Typical numerical results will be presented.
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ABSTRACT

A mixed potential formulation is given for electric fields in
layered environments. Contributions to the field from charges are
identified explicitly through a scalar Green's function for layered media.
The outcome is a computationally expedient Sommerfeld integral

representation.
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I. Introduction

The study of electric fields due to surface currents in millimeter-
wave integrated circuits [1,2) brings to light some facts about the
alternative representation of Hertz potentials. Despite their apparent
simplicity, these observations have not appeared previously in this form.
The points discussed in this paper bear directly upon the divergent spectral
integrations which are offered on several occasions [3,4] in the recent
literature; it is hoped that ultimately they will find application in

avoiding comparatively awkward formulations.

II. Hertz Potential Green’'s Dyad Formulation

Consider the configuration of layered dielectric media over a
conducting half-space as shown in Figure 1. The electric field E(Y) in the
cover, maintained by surface currents embedded in that same layer,

r(_1:). The fields of

decomposes linearly into two parts as ﬁ(;) - Ep(;) + E
the right member may be termed the primary and reflected components. A
Hertz potential representation of E based upon this decomposition is given

by Bagby and Nyquist [1,2] as follows:
E@) - (kcz + VVe) Is‘é(?,?')-[ﬁ(?')/jwe]ds' (1)

where ﬁ(?) describes source currents on surface S, and G = I6P + GF is the
decomposition of the Hertz potential Green'’s dyad into primary and reflected
components. The dyad scalar components are given as double spectral

(Sommerfeld-type) integrals:

Do~ T exp[jX- (¥ - ;')]exP['Pcly -y 2
G'(r,x’') = II 2 d~x (2)
- 2(2") pC




T, -, ) - - -

Gy (r.x") R (M) expli¥-(F - T)lexpl-p |y - y'1

G (r,r")]| = Rn(A) 3 da x  (3)
G ('r"'r") c(\) 2(2x) pc

A A A

where G° = xcz X + y[(acz/ax) X + Gzy + (acz/az)z] + 2z Gi z. The Rt' R_,

n
and C are reflection and coupling coefficients detailed in [1,2]. Note that

2 2.1/2
P. ~ (A= - kc

A

is a wavenumber parameter, X = ;Ax + zAz is a vector
spatial frequency, and d2A - dxxdkz.

The first term (with kc2 factor) in E(?) is proportional to the
vector Hertz potential contribution to E (produced directly by currents K),
while the second term is subsequently treated as the negative gradient of
scalar potential. In the present formulation, and in many similar ones
[3,4]), it is found that boldly exchanging the order of differentiation
(i.e., the VV. operation) with integration too many times leads to
convergence problems with the resulting inner-nested spectral integrals.
Care will be taken in the present development to allow only one such
interchange; moreover, the impact of the derivative on the Green’s function
is subsequently minimized by a technique of integration-by-parts.

Figure 2 illustrates the geometry of surface S, supporting currents
of integrated electronics. Assume that K(;) is a continuous function
everywhere on S, ~xcept possibly at the boundary Cp of subregion Sp' The
exception is made because, although one physically expects continuous
currents, discontinuities could be introduced mathematically by subsectional
basis functions in numerical solutions. C; and C_ are auxiliary boundary
contours just outside and inside of Cp. Take C0 to be the outer contour of
S. Let S’ = S-Sp, with ;' the outward normal unit vector to S’'. It is
important to note here that principal Green'’s function GP may in fact be
represented either in Sommerfeld integral form, or simply as exp(-jkR)/4nR;

the latter form points out explicitly the nature of its source-point
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(R - |; - ;’l = 0) singularity. This singularity, unless handled properly,
invalidates a subsequent application of the divergence theorem. To maintain
complete rigor a small area should be excluded from S, at the location T, to
preclude the coincidence of T and T during the spatial integration in (1).
However, at points where K is continuous there is no contribution from
either the excluded area or its boundary contour. Therefore, the exclusion
process is not detailed here. Points of surface current discontinuity are

handled in the following section.

III. Primary Component of Electric Field
Consider first the primary component of E. The electric scalar

potential contribution to EP is -VQP, where
oP - -(1/jwe)v-Jscpids'

- -(1/jwe)[Js,v-(cpﬁ)ds' + IS v. (GPR)ds’]. (&)
P

This expression is subsequently cast into a form which explicitly exposes
its electric charge sources. Although the method is conventional, it is
included here to guide the identification of similar contributions to the
reflected potential. The procedure is less obvious in the latter case.
Exchanging the divergence and spatial integration prompts vector

manipulation of the integrand as follows:

Ve (GPE) = GPv.R + VGP.R = -v'.(GPR) + GPv'.RE. (5)
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Into the last term a substitution from the surface continuity equation,

vk - -jwo, is made. The scalar potential becomes

P = (1/jwe)[|g, V'« (PRIdS’ + IS v« (GPR)ds )
P

+ (1/e)IS(Gpa)dS' ‘ (6)
to which the 2-D divergence theorem is applied to give

P = (1/6)[(1/jw) fc GP(n’ -Ryd1’
0
+ (1/jo) §C-cp[;'-(ﬁ+ - §yar’
P
+ ISGpadS']

- P ' P ' P ’
(/) §COG plodl + §CPG plpdl + JSG odS’ ] N

where §+ and K~ are values of surface current on C; and C; , respectively.
Thus ®P is written in terms of line and surface charges, while the original

derivatives have been effectively removed from GP.

IV, Reflected Component

For the reflected potential,

of - (-1/jw¢)v-I86r-E ds’ (8)
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one may follow the same general sequence of steps as above, but this time
exploiting the specific form of ér. Following the procedure beginning with

equation (5), and defining a scalar Green’s function ¢t - GZ + acz/ay,

«r = ~r ~ r r ~r
Ve (G ¢K) = V'(thKx - y[(aGc/ax)Kx + (aGc/az)Kz] + zGth)

r r
)BGt/Bx)Kx + (acc/az)xz

+

(6/6y)[(8G§/ax)Kx + (aGZ/az)xz]

r. = r -
(szGt)oK + [sz(acc/ay)]-K

(VGT) B = (-v'GH).K (9)

Carrying the analogous steps to completion, one finally arrives at
r r , r ) S
o = (1/6)( §C0G P1od1 + §CpG plpdl + ISG 0dS’ ] (10)

Therefore the reflected scalar potential is expressible in terms of
effective charges weighted by an appropriate Green'’s function. It is noted
that convenient form of the scalar reflected Green’s function arose from the
specific form of the Hertz potential Green's dyad cited earlier. Since the
conversion process has effectively removed derivatives from this function,
the new formulation is expected to be computationally efficient. Finally,

the E field in the cover region is exf:essed as

E - -jwpfsﬁoﬁds - V(l/e)[§cocp10d1' + §cpcp1pdl' + ISGadS'] (11)
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where G = GP + G' is a Sommerfeld integral representation of the scalar
potential Green’'s function for layered media. The gradient operator may (at
interior points) be exchanged with the spectral integrals without rendering

those Sommerfeld integrals non-convergent.

V. Summary and Conclusions

Tbe preceding sections illustrate a procedure for avoiding the
needless imposition of derivatives onto the Green’'s function, thus avoiding
convergence problems. In the process of converting to a less singular
formulation, unknown surface and line charges are introduced explicitly into
the problem. Presumably, for many applied problems, these charge functions
could be expanded in suitable moment method basis sets along with the

original surface currents.
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Figure 2. Geometry of Surface over which Currents Exist
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4.2 Mathematical methods--analytical and numerical

Efforts on this topic were devoted to the formulation and computation of
Sommerfeld-integral type representations for relevant Green’s function ker-
nels. Analytical/numerical methods to accomodate the slowly-convergent (and
sometimes apparently divergent) behavior of those representations, arising
when the source-point singularity is implicated, were developed. These init-
ial preparatory investigations were necessary to acquire confidence in the
construction, computation, and use of the dyadic kernels described in Section
4.1. Studies on the computation of Green’s function kernels are reported in

{1,8,12], while properties of the source-point singularity are addressed in
[8].
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ACCURATE EVALUATION OF SOMMERFELD INTEGRALS
USING THE FAST FOURIER TRANSFORM

B.C. Drachman

Department of Mathematics

D.P. Nyquist and M.J. Cloud

Department of Electrical Engineering and
Systems Science -

Michigan State University

East Lansing, MI 48824

Application of the conventional Hertzian-poten-
tial-based formulation of layered media electromag-
netics necessitates evaluation of Sommerfeld-type
integrals. An efficient and accurate method of
computing these integrals is presented.

The Fast Fourier Transform (FFT) may be used in
a straight-forward fashion to obtain accurate inte-
grations of periodic functions. It is explained
how, in these cases, the numerical integration meth-
od corresponds to the Corrected Trapezoidal rule
(with error proportional to the fourth power of the
step size). Attempts to use the FFT in such a
fashion on aperiodic functions result in significant
errors because, in these cases, the integration
method corresponds to the Rectangular rule (error
proportional to the first power of the step size).
Thus it is often believed that the FFT is a quick
but inaccurate way to compute an integral. When
used in conjunction with Simpson's rule, however,
the FFT gives extremely accurate results for aperi-
odic functions. An error analysis suggests a tech-
nique for integral truncation and choice of parti-
tion density. Examples are given in which this
method is applied to the numerical evaluation of
Sommerfeld integrals.

The method exploits the efficiency of the FFT
algorithm, while deriving additional benefit from
the fact that a single call of the FFT algorithm
returns sample values of the Sommerfeld integral at
many spatial locations. Moreover, this technique
should be well adapted for use with the point-
matching Galerkin's method of moments which requires
values of the Sommerfeld integrals at a set of
locations on a structure.
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ON SOMMERFELD-INTEGRAL ELECTRIC FIELD KERNELS FOR
MICROSTRIP-BASED CIRCUITS

D.P. Nyquist, M.S. Viola, M.J. Cloud and M. Havrilla
Department of Electrical Engineering

Michigan State University

East Lansing, MI 48824

Microstrip circuits are fabricated over the film/cover
interface of a planar, layered conductor/film/cover surround
environment. In an electric-field integral equation descrip-
tion of such circuits, the electric field tangential to metal-
lic microstrip conductors, maintained by surface currents on
those conductors, is required. A spectral approach through
Hertz potentials leads to sommerfeld-type integral representa-
tions for required Green's function kernels.

Let the microstrip conductors reside at y=0+, adjacent to
the x-z film/cover interface plane. The field e(x.,z) at the
conductor surface, maintained by surface current k(x,z) on
that conductor (both in the axial Fourier-transform domain;
transform variable %), is then

e(x,z) = 113»* (k§+ﬁ-)f g, (x,¥|x',0) k(x',L)dx’
¥ cond . -
where kc=n ko (n_=cover index), V= V__+zjz and g, is a Hertz
potentidl Sreen'$§ dyad in SOnnetfeldEYntegral representation.
It is convenient to pass the spatial integral and the differ-
ential operator, in turn, through the spectral integral over
£, since the former operations can all be performed in closed
form. This procedure is valid provided the details isource-
point singularity) are handled carefully and the y+0 1limit is
performed lastly. 1In much of the recent literature, the lat-
ter limit is exchanged with the spectral integral; this inval-
idates the differential-operator exchange and leads to a di-
vergent spectral integration. Consequently, uncertainty has
arisen in the choice of appropriate expansion and testing
functions for use in MoM solutions to associated EFIE's.

In fact, pulse basis functions and goint matching lead to
convergent spectral integrals if the y=0 1limit is performed
appropriately. MoM matrix elements are represented by

I L lim, V. (E)e PoY sin(£3) sin & x, singx, de

af y+0 0 ap 13 cossxIll cos § x,
vhere W 8 is a complicated funct'onzofzﬁl}iarying surface-wave
poles o% the surround) and p =(£"+g -kc) . The most slowly
convergent case is a=p=x, whére W (¢)x€ for large arguments,
leading to an undamped oscillatoryxintegrand vhen y=0. It is

demonstrated, however, that the y+0 1limit does indeed exist,
and the convergence rates of the various IuB are compared.
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Accurate Evaluation of Sommerfeld Integrals Using the
Fast Fourier Transform

B. DRACHMAN®»¥*, M. CLOUD¥, AND D. NYQUIST¥*

Abstract - Accurate numerical integration of Sommerfeld-type integrals by
the Fast Fourier Transform algorithm is considered. Several examples

illustrate in the process.

I. INTRODUCTION

The purpose of this note is to observe that the FFT combines naturally
with Simpson’'s rule for Sommerfeld-type integral computation. Standard
references, such as [1,2,3], discuss the FFT for periodic functions only;
however, even relatively simple Sommerfeld integrals have aperiodic

integrands.

A principal advantage of using the FFT is thal a single subroutine call
yields a set of sample values of an integral (i.e., the integral for wvarious

values of an integrand parameter). Such samples could be useful in

*This work partially cupported by Office of Naval Research under
Contract N00O14-86-K-0609.

¥¥partially supported by DARPA.

B. Drachman is with the Department of Mathematics, M. Cloud and
D. Nyquist are with the Department of Electrical Engineering, Michigan
State University, East Lansing, Michigan 48824.
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themselves; for example, the parameter might be a spatial coordinate variable
in a moment method solution. In other applications Sommerfeld integrals
represent Green’s functions nested within other spatial integrals. Samples

from the FFT might be useful in approximating the outer-nested integral.

II. SUMMARY OF NEWTON-COTES NUMERICAL INTEGRATION METHODS
To estimate an integral such as
b
1= [ f(t)a (1)

a

suppose [a,b] is partitioned into N subintervals (tisti4:] with
tj =a+ hi, i = 0,],2,...,N-1. The step size h is {b-a)/N. Table 1
summarizes several well-known integration rules, provided f(t) is sufficiently
smooth. Note that 7 is some point in (a,b), and N is even for Simpson’'s

rule. These rules are summarized here for reference in later sections.

III. NUMERICAL INTEGRATION WITH THE FFT
The FFT algorithm computes the discrete Fourier transform
N-1

S, = I

k1 2 An+: exp(j2rkn/N); k=20,1,2,...,N-1 (2)

of the sequence A,,...,AN. This may be viewed as numerical integration to

approximate

I(x) = Io g(t)exp(jxt)dt (3)
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as follows. First, choose T sufficiently large so that the improper integral
in (3) is adequately approximated by
T
I(x) = [ g(t)exp(ixt)dt (4)
0

for x in the range of interest. Make a change of variables, transforming

the interval of integration to [0,2n]:
¥4
I(x) = (T/2n) -fz g(tT/2n)exp(jxtT/27)dt (5)
0

Partition this new interval into N equal segments, each of width 2a/N. The

rectangular rule (see Table 1) then yields the approximation

N-1
I(x) =h I g(nh)exp(j2mk/N) , (6)
n=0
where h = T/N and xyi = 2nk/T. Comparison of equations (1) and (6) shows

I(xx) = hSk4,, where Apsy = g(nh). Therefore, the FFT is directly invoked

for efficient computation of I(x) by the rectangular rule.

The great accuracy found by those using the FFT for periodic functions
is easily explained. Observe (see Table 1) that if g(t) is periodic and
sufficiently smooth on [0,T], the rectangular and corrected trapezoidal rules
are identical, Thus fourth-order accuracy is obtained. For aperiodic g(t)
the method does not correspond with corrected trapezoidal rule, but to

rectangular rule, and is therefore accurate only to first-order.

For g(t) aperiodic, better accuracy is obtained by weighting the
integrand sample values g(nh) prior to the FFT call. Reference to Table 1
shows that the simple procedure of letting A, = g(0) + g(hN), A, = 4g(h),

Ay = 2g(2h), A, = 4g(3h) , ..., implements Simpson’s rule within a factor
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of h/3.

To demonstrate the consequences of this improvement, consider the

following example: In order to compute the transform

2 .
'[ -t /2 eJXtdt

g(x)

1
2n
—2_-ReaII et/2 JXtdt
v2r

which we approximate by

2 J‘ -t /2 th dt
J21t 0

(Take the real part.) We choose T = 47 and N = 2!'°, The FFT computes g(xk)

at 1024 sample points. To'check accuracy, let xi = 1. Then

2nk 27wk _
T - 1, an l so k=2
N-1 ..
Since by (2), Sk4: = I  Ajs, eoTIIK/N
1=0 _
S; corresponds to g(x,), that is g(x,) = %% Ss.
—t2/2
Except for a constant factor, e is its own transform. Hence g(1)

should be e~ -5. Direct FFT with unweighted integrand sample values (i.e.,
rectangular rule) produces an answer correct to only one significant figure.
The Simpson’s rule scheme gives 13 digit accuracy using a CDC-750 computer and

the FFT routine from the IMSL library.

For another example, suppose sample values of Ky(x) are needed, where
Ko 1is the modified Bessel function of order 0, a Green'’s function for the
Helmholtz wave equation. For example, the sample values might bec nceded to

carry out a numerical integration involving K,(x) in another problem.
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Although there are better methods for estimating Kq(x), we use

_1 ® e‘th
K (0 = 3 I, PR AL )

In order to make the integrand decay more quickly, use integration by
parts four times and obtain

2 4, _ [ 8t-2at’43 jxt
3xK -I T

dt (8)
° (t +1)9/2

S0

3 j‘ 8t —24;/;3 eth dt (9)
0 (t +1)

K, (x) =
with o replaced by T = 4=« anc_l N = 1024, a single FFT call with Simpson’s

rule returned values Kg(1),...,Ko(10) to 6 place accuracy.

IV. ERROR ANALYSIS

Two types of error are introduced in the previous computations:
truncation and resolution errors. First, consider the truncation error. The
error introduced by truncating an improper integral is bounded by proper
choice of the stopping point T. Assuming g(t) decays monotonically for
large t, the truncation error is an alternating series due to the oscillation
of g(t)exp(jxt). Approximation of an alternating series T (-l)iai, aj
positive, monotonically converging to 0, by the nth partial l;xlm X (—l)iai
causes an error bounded by ap4,. Choose T sufficiently large solzilzhat the

area enclosed by one of the half-oscillations is negligible compared to the

estimated integral.
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We now discuss why incorporating Simpson’s rule into the FFT gives
dramatic improvement in our examgples. This effccl is not obvious, as can be
seen in the following case: if, in equation (1), f(t) is a highly oscillatory
function such as sin(At) with A > 1, the derivatives increase in
magnitude, and the error bounds in Table 1 may actually increase with

higher-order integration methods. For example, if h = 1 and A > 12 the

error bound in trapezoidal rule is larger than in restangular rule.

However, in our examples the integrals are of the form of equation (4),
where g(t) is slowly varying in the sense that its derivatives all have same

order magnitude (all bounded by M, say) on the interval [0,T).

Suppose I(x)) is desired for equally-spaced points Xo =
0,X,,X32,...,xg = f. First choose T sufficiently large so that I(xyx) is a good
approximation to the original improper integral for all xi in [0,8], and
each xi is included in the set {2nk/T; k = 0,1,2,...,N-1}. For example,
suppose T = 4n and I(0), I(1), ..., I(10) are desired. Our first choice of N
is to make N a power of 2 such that (N/2) > 2nkpax, where

Xmax = 27kpax/T = # = 10  (see the Nyquist Criterion [4]). In this case

kmax = 20, and N = 256 becomes the first choice.

Letting E, denote the error bound given by Table 1 for rectangular

rule applied to equation (4), we have
E, < I(T"/2)[§(x/N)g(c) + (1/N)g'(c)]| (10)
where 0 ¢ ¢ < T. For Simpson’s rule, the error bound is

E, < |(T/N)*(1/180) (g (c) + 4jxg™(c) + 6(jx)’g" (<)
(11)

+40x) g (c) + (jx)‘g(e))|
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Assuming that g and the various derivatives of g are all bounded by M,

E. < (T/N)(T/2)M[x + 1] (12)
E, < (T/N)*(T/180)M[1 + 4x + 6x> + 4x> + x°) (13)

Consider first the case for which 0 < x £ 1. Then

E_ £ ThM (14)
E, < Th'M(16/180) < E, for h = (T/N) <1 (15)

Otherwise, when x > 1
E_ < MT(xT/N) < MT(1/2) (16)

E, < (T/180)(T/N)"M{1 + 4x + 6x" + 4x” + x']
(17)

< (MT/180) [(6)(5)x"(T/N)*] < MT(1/2)*/60 < E,

since (xT/N) < (1/2).

For this first choice of N we therefore expect more accuracy from
Simpson’s rule. In actual practice, however, the choice of N is determined
as is commonly done, by doubling the number of partitions N (each step
reusing previously computed quantities) until convergence is obtained in a
Rhomberg scheme. In this process, each time N is doubled the ratio (xT/N)

is halved, hence the inequality E, ¢ E; in (17) is strengthened.

A single call to FFT provides values for the next iteration in Rhomberg’s

method [4] simultaneously for all sample points {xk). In this way, a

41




“parallel-processing" numerical integration algorithm is achieved on a serial

computer via the FFT.

V. APPLICATION
As an example relevant to electromagnetics, suppose that the

Sommerfeld-type integral

I(x,y,g) =J‘ exp(.)xt)zexz(—plyl)dt (18)
P

where p? = t? + g2, is required at 2M evenly-spaced values x| € [0,2W].

Let T = (2nM)L, where L is an integer large enough for adequate

approximation. Taking the real part of the integral allows replacement of the

lower limit by zero. By its definition,

X, = 2rnk/T = k/IM; k =0,1,2,...,N-1 . (19)

Choose N for desired resolution, and recover every L’th evaluation by the

FFT.

Results from this technique are identical to those obtained by other
methods; moreover, the FFT/Simpson’s rule combination is much faster since a
single call to FFT returns the required sequence of integrals for the set

{xk}. This example is closely related to the last example.

VI. CONCLUSION
Numerical integration for aperiodic functions with the FFT is greatly

improved by the concurrent use of Simpson’s rule. Some algorithms that
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already make use of the FFT could benefit from this slight modification. It
also appears to be a promising technique for the evaluation of

Sommerfeld-type integrals.
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Integration Rule Error

N-1
1. h 3 f(x)) h(b-a)f ' (n)/2
i=0
£(2) + £(b) , N 2
2. h + 2 f(ti) ~-h"(b-a)f"' ' (n)/12
2 i=1
N-1 ' 2 i
3. h [iﬁl"—f@w S £(e)| + (@) - £1(b)] h¥(b-a)e (V) () /720
2 i=1
h 4 (iv)
4. 3 [f(a) + 4f(t1) + 2f(t2) + . ..+ f(b)] -h“(b-a)f (n)/180
ey
TABLE 1
Numerical integration methods. The rule names are: (1) rectangular, (2)

trapezoidal, (3) corrected trapezoidal, and (4) Simpson's.
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4.3 EM interactions among integrated microstrip devices

This research topic includes the scattering of microstrip waves by inte-
grated devices and the large-scale interactions among such devices. Inter-
actions in the MMIC environment have been conceptualized through an EFIE
description of the microstrip/device system, based upon the electric dyadic
kernels exposed in Section 4.1. The general electromagnetic formulation for

such interactions is presented in [16].

Coupling among microstrip devices can be studied through a perturbation
solution which exploits currents supported by isolated system components.
Significant scattering of microstrip waves is anticipated only when they in-
teract with near-resonant devices. The quasi-closed-form Chebychev series
representations for microstrip line and device currents detalled in Sections
4.5-4.6 permits the quantification of scattering coefficients based upon such

a perturbation formulation.

The description of microstrip-based circuits by integral-operator equa-
tions which exploit the electric Green’s dyad kernels leads to a number of
general properties and phenomena associated with such circuits. An excitation
theory for discrete microstrip line and cavity modes is obtained, which yields
the excitation amplitudes as overlap integrals of impressed currents with the
modal fields of those devices. A coupled-mode perturbation theory for propag-
ation constant or resonant frequency shifts due to coupling among systems of
multiple microstrip lines or cavities is developed, again based upon the
integral-operator description of the sysyem. Research paper [16] exposes all

these results.

Large-scale interactions among systems of microstrip devices can be
quantified by the methods and approximations described in [16]. The research
topics of Sections 4.4-4.6 are, in fact, specializations of such interactions,
consequently [16] again provides the electromagnetic foundation for the study

of those topics.
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Research Paper No. [16]

DEDUCTION OF EM PHENOMENA IN MICROSTRIP CIRCUITS FROM AN INTEGRAL-OPERATOR

DESCRIPTION OF THE SYSTEM

Dennis Paul Nyquist

Department of Electrical Engineering, Michigan State University, East Lansing, Michigan,

USA 48824

Abgtract

An electric-fleld integral equation (EFIE) description of microstrip-based circuits permits the
relatively general deduction of EM phenomena which influence the behavior of those circuits.
Prior efforts by many researchers have used the EFIE formulation to study specific microstrip
devices. The present research exploits an EFIE description to study more broadly the EM phenom-

ena and interactlions in microstrip circuits.

Included are the following topics: 1) ldentifica-

tion of the complete propagation-mode spectrum for microstrip from a singularity expansion of
its current, including an excitation theory for discrete modes; 2) excitation of patch-device
resonances, which arise from temporal pole singularitles; and 3) foraulation of a coupled-mode
perturbation theory leading to propagation constant and resonant frequency shifts due to coup-

ling among microstrip lines and patch resonators.

1. Introduction

An integral-operator formulation is presented for
electromagnetic interactions in microstrip-based
electronic circuits. It is a full-wave formulation
based upon the electric dyadic Green's function for
currents immersed in the layered integrated elec-
tronics environment. Full-wave integral equation
methods have been used extensively for the study of
specific microstrip devices. A survey of such
methods applied to the study of discrete aicrostrip
propagation modes i{s included in (1], while a simi-
lar treatment for microstrip patch antennas is ex-
posed in {2]. The present research attempts to
deduce more broadly those EM phenpmena which influ-
ence the behavior of microstrip circuits from an
electric-field integral equation description of the
circuit system.

2. EFIE Description of Microstrip Clrcuits

The microstrip circuit configuration consists of '
conducting circult devices embedded in the cover
layer adjacent to the flla/cover interface of a
tri-layered conductor/fllm/cover environment. A
dielectric film layer of thickness t and refractive
index nf occuplies -t<y<0 between a perfect conduc-

tor in y<-t and a dielectric cover of index n, in

y>0. Circuit components, of generally non-vanish-
ing thickness, are consequently located in yz0,
where the y axis is normal and the x,z axes tangen-
tial to the film/cover interface. Total circuit
surface S 1s composed of N components, where the
component contributed by the n’'th circuit element
is Sn. Fig. 1 depicts the circuit configuration in

cross section, and indicates a general pair of de-
vice elements.

COVER LAYER n,

\\\\\\\\\ I \\\ \ l

y=0 FILM LAYER
-t

Z=
CONDUCTOR

Figure 1. Configuration of microstrip-based
electronic circuit.

[mpressed current Jl maintains impressed electric
fleld Q‘, which excites surface current £ on the
conducting circuit system. Induced current & main-
tains a scattered fleld E’. The boundary condition

for tangential B at the circult surface requires
@-(E‘»E’) = 0, where £ 1s a unit tangent vector at
any point on that surface. Expressing gs in terms

of electric dyadic Green's function &% for the lay-
ered environment leads to the electric-field {nte-

gral equation (EFIE) for K induced on the circult
£- I E@I) R as = - o€ B) (1)

for all rcs. where kc-ncko and "c’"o/n: with ko,no

the free-space wavenumber and impedance.

The electric Green’s dyad [3,4] can be expressed as

@) = v B} + Ta@-2) where T 15

a Hertzian potential Green's dyad. Notation PV

indicates that &° should be integrated in a princi-
pal value sense (S] by excluding an innate “"slice"
principal volume (6] to accomodate the source-point

singularity at y=y’, and [ = -99 is an associated
depolarizing dyad. The Hertz potentlal Green's

dyad is expressed as & = 167 +« &, where GP yields

the principal wave excited by % in an unbounded
cover and

r r
Cr(rlr ) = %GTR GGC 2+6"¢ . fES 2]+ %2
XGy y ax n’ * 3z t

yields the reflected wave scattered by the.layered
environment. G: ylelds potential components tang-
ential to the fila/cover interface, while G; ylelds
normal potential due to normal current and GZ coup-

les tangential current to normal potential. Reci-
procity of the electric Green's dyad leads to

(?l? ) = c L (P 17).

The several dyad components have Sommerfeld inte-
gral representations

IR (@2 TPy Y

Gp(rlr ) = II dZA
Z(ZR) P.
(W eITE) R, ()
N e M) ey
criznf - I R (M)} ¢ e FEoY
2(2n)"p
c:(?|?') ™ e




where X = 86422, 22 = €2+2%, and d?A = dEdC. Wave-

nuaber parameters are P = (Az-nikg)'lz; Re(pl)>0

for £ = f,c. Reflectlon and coupling coefficients
are
A AQ) 20 -1)p
R, = N R = LU R Cs c c
t B » 2% 2zt
with

At =p. - pfcoth(pft) An
2

= Nf.cpc - pftanh(pft)
- P * pfcoth(pft)

= N‘::cpc + pftanh(pft)

.e
where contrast factor Nfc = nf/nc. and 2h =0 1s

associated with TE and TM surface-wave poles, re-
spectively, of the layered surround environment.

3. Propagstion-Mode Spectrum of Microstrip

The aicrostrip line configuration is that special-
1zation of Fig. 1 where the conducting elements
have infinite extent along the waveguiding z-axis.
Infinite axial symmetry renders the integral oper-
ator 1in EFIE (1) convolutional in the axial vari-
able, and Fourier transformation on that variable
is consequently prompted. Transform-domain quanti-
ties are denoted by lower-case letters such that

52(?(3.2)) = ?(3,() for all such quantities, where

3 = #x+2z 1s the 2-D transverse position vector and
¢ is the transform variable corresponding to z.
Subsequent to application of the convolution
thecrem, EFIE (1) becomes
- 9,2 > ch 21
Q-I TRF0RE Qe - - 23
o} c

3.0 (2

for all BGC. where C is the boundary contour about
the microstrip conductor in the transverse plane.

Green's dyad g (313°:¢) = PV(kibse-)E(plp':C) +
Lap-p’) where § = VCOQJ( with U, the transverse
operator and g(318°:8) = fz(C(BIB’;z)}. The trans-
fora-domain electric Green's dyad has the useful
reciprocal property gzstzlg':() = g;¢(3’|3;-().

Discrete propagation modes correspond to pole sing-
ularities of B(3.0) at (-:(p. near which

* 9 L
B30« a:k S@B1ee ) (3)

vhere 2: is the elgenmode current of a wave propag-

ating in the 1z direction. It is demonstrated in
Sec. 4 that {=1, so the poles are simple. If rep-
resentation (3) for C"Cp 1s exploited in EFIE (2)

then, since 31(3.C) is regular at 3(9. f; must sat-
isfy the homogeneous EFIE

9'fc ?(BIB':c)-I;(B') =0 ... for all PeC (4)

with non-trivial solutions only for c-:(p. The

discrete propagation modes are consequently de-
scribed by EFIE (4).

The discrete propagation modes corresponding to

simple-pole singularities of ?(3.() constitute one
contribution to the singularity expansion of that
current. Square root branch-point singularities in

the integral representation of E° lead to similar

singularities in gtand K, with associated branch

cuts in the complex {-plane. If the real-1ine in-
version integral is deformed into the upper|lower
half {-plane for 2>2’|2<2’, then the space-domaln
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current becomes
chpz 1

RB.2) = )] agiz(b')e - 5= J‘c: R(3. 01e3%%ac
P

b (s)

where the sum of discrete modec is contributed by
pole singularities and the continuous-spectrum con-
tribution arises from deforming the integration

+
FTh b
ous spectrum current K(p,{) 1s consequently identi-
fied as the forced solution to EFIE (2) for points

§ along Ci. A discrete-mode excitation theory for

path about the branch cuts along C The continu-

amplitudes a; is exposed in the next section.

4. Excitation and Coupling of Microstrip Lines

The amplitude coefficlents ai and pole order ¢ {n

representation (3) are established here. If the

reciprocal property of Ee is explolited subsequent
to applying the testing operator (which implements

the £- operation)

iim I dat i’:('p’)-(-—)
+ (o
C**(p
to EFIE (2), then expansion of §° in a Taylor's
series about ¥{_ is prompted. Invoking defining

EFIE (4) for ?; leads to vanishing of the contribu-

tion from the first term of that expansion. The
leading non-vanishing term is consequently the
first-order contribution proportional to (C:Cp).

When representation (3) for ¥ is used in the re-
sulting operator equation, 1t is clear that the
leading term can annul at most a first-order pole;
1t is thus established that e=1.

1f reciprocity of E° is 1nvoked again, and only
leading terms are retained, propagation-mode ampli-

tudes excited by 31 are obtained as
Jk .
ez S 2333 (6)
p e Jc P P

where ?p satisfles the normalization constraint

+ 3% 9. 8 (BRI C) 3t
c -IdlIdt'k (BB PNl 1 P = a1
LI Pl Pt | ag P

*p 4!
Coupling coefficient (6) is an overlap integral of
the impressed fleld with the discrete eigenmode

current. If 31 maintalned by 2‘ is expressed {n

teras of Ee. and the reciprocity of Ee 1s subse-
quently exploited, then an alternative coupling

coefficlent involving the overlap integral of ?l

and 3; is obtained. Using the latter excitation

amplitudes in expression (S) leads to the discrete-
mode current

k . -3¢ 1z-2/
R ~-S ; B [ P B@e P dv’
d N, p I ’ P

. for (z-2‘)=t. (8)
The dlscrete system eigenmode currents supported by
N coupled microstrip lines again correspond to
simple~pole {-plane singularities, and satisfy the
coupled system of homogeneous EFIE's

el' f

I TR0 @ =0 ...
ns1 ‘C P

for m=1,2,... N

Y

all pccm,
(9)
with non-trivial solutions for c-:(p. For nearly-




degenerate coupling, the system-mode { 1s near to
all the ((O) assoclated with eigen-odepcurrents
u;‘°’ of the individual isolated microstrip. If
reciprocity of E‘ is exploited subsequent to appli-
cation of the operator

I ae 43(0)(9’ (—
n

to EFIE's (9), then expansion of §°
= (0)
series about { ‘cnp

for m=1,2,....N

in a Taylor's
is prompted. The leading-term
contribution vanishes for m=n by virtue of the de-
fining EFIE for 25(0)

annuls the simple poles of ?(B.C). Retaining only

the leading non-vanishing terms, subsequent to the

perturbation approximation ﬁt £ atzt(O).
np n np

the homogeneous system of algebraic equatlons

., while the first-order tera
leads to

el ¢<w)]’n;f;f§’°""""L'“'" (10)
with non-trivial solution only when det({] = Q.
Coupling coefficients are given by overlap inte-
grals of the m'th strip current with the n'th strip
field as

(Prae (11)

¢t . Jk_c_j‘ FOo) 3.2 -»:m)
mn 7 c, mp

while normalization coefficients E:' are given by
expression (7) applied to isolated eigenmode cur-

rents ﬁ:QO) on the m°th strip.

For nearly degenerate coupling of two microstrip,
the perturbation approximation to system-mode prop-

agation eigenvalues leads to § = 5. § =
((1¢Cz)/2 is the average of isolated phase con-

2)12 here & = (£,-6,)/2 and

stants and & = (A +K™)
k2 = C,,C,, with normalization E;--l

12721

S. Excitation and Ccupling of Patch Resonators

Currents excited on a resonant patch device by im-
pressed radiation satisfy EFIE (1), where S is de-
scriptive of a single patch or a coupled system of
such resonant devices. Resonant currents are as-
soclated with pole singularities at u-up in the

temporal frequency domain, such that

I}
/
R2w) = ap(u)i’p(?) (o) (12)

. @ hear w
P

where zp(?) is the normalized resonant eigencur-
rent. Subsequent to using representation (12) in

EFIE (1), and recognizing that gl is regular at “p'
it 1s evident that ip

EFIE
€~J'S C‘(?l?';u)-i’p(?' )dS’ = 0 ...

with non~-trivial solutlon aly for u-up. Equation
(13) defines the resonant patch eigenmode.

sust satisfy the homogeneous

all fes  (13)

If reciprocity of % 1s exploited subsequent to
das zp(?' }-{—1) to

then expansion of in a Taylor's series
is prompted. The first term of the re-

application of the operator [

EFIE (1),
about u-up

sulting expression vanishes by virtue of definition
(13) for ip. so the leading non-vanishing term ls

linear in (u—up); it can annul at most a simple
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pole, which establishes I=1. If representation
(12) is used in the resulting expression, and reci-
procity is again invoked, then the excitation amp-
litude is obtained as the overlap integral

(F,0)dS {14)

where normalization constant Cp is
32,
- [os [ G0 | R @as. as)
s P s 3w ”p p

An EFIE-based coupled-mode perturbation theory for
a nearly-degenerate coupled system of N resonant
devices is based upon the coupled system (13) of

1IE's. A procedure analogous to that which lead to
(10) above yields the algebralc equations
[u—u(O)]a . for m=1,2,...,N (16)

Z c
which yields the system-mode resonance frequency as

(0)

the solution to det(w] = 0, where « are the iso-

lated re t freq {es. Coupling coefficients
are given by the overlap integral of 1solated cur-
rents and flelds

Ik
Co = n—"f i:g’(?) -Er“g’('r')ds (17

where currents are normalized by equating coeffic-
fents similar to (15) to unity.

6. Concluding Remarks

Several general properties of EM phenomena in mi~
crostrip-based circuits have been deduced from an
integral-operator description of the circult sys-
tem. The coaplete propagation-mode spectrum of a
microstrip line wvas identified from a singularity
expansion of its current. It is belleved that this
is the first such treatment of the continuous spec-
trum. An excitation theory for discrete modes
along isolated microstrip and a coupled-mode per-
turbation theory for nearly-degenerate coupling
among any number of microstrip were exposed. Patch
device resonances were identifled with temporal
pole singularities, while excitation and perturba-
tion coupling theories for such resonant elements
were advanced. Typical numerical results will be
included in the oral exposition of the paper.
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4.4 Propagation-mode spectrum of microstrip guiding structures

Research on the complete propagation-mode spectrum of microstrip guiding
structures exploits a transform-domain integral-operator description of the
structure and is based upon a singularity expansion of the microstrip current
{16]. It includes an excitation theory for discrete and continuous spectral
components. Discrete propagation modes correspond to pole singularities in
the complex transform plane, while the continuous spectrum arises from inte-
gration about branch cuts associated with branch-point singularities of the
Green’'s dyad kernels [2,5,7,16].

The discrete-mode quantification has been generalized [13,15] to include
the possibility of a ferrimagnetic thin-film layer. This study is based upon
a transform-domain EFIE description for current induced on the microstrip; the
dyadic Green’s function kernel described above is exploited. The discrete
(principal, and several higher-order) modes are now quite well understood. A
new Chebychev-Galerkin’s MoM numerical solution has been implemented using
Chebychev polynomials, modulated by appropriate square-root edge-condition
factors, for expansion and testing of the transverse dependence of unknown

eigenmode currents (both longitudinal and transverse).

Results indicate that the transverse current component is negligible for
the principal discrete eigenmode, but becomes important in the higher-order
modes. This method provides a rapidly convergent quasi-closed-form solution
for the eigenmode currents, since analytical expressions for the current com-
ponents are available subsequent to numerical quantification of expansion
coefficients in the Chebychev series. Convergence is so rapid that two terms
suffice for the principal mode, and at most four need be retained for even the
second higher-order mode. It was found that coupling to surface-wave modes of
the layered surround, and consequent leakage phenomena, is unlikely to occur
for practical configurations with dielectric thin-film layers. Presence of a
ferrimagnetic film layer may alter this conclusion, however, and numerical
studies remain to be completed. The quasi-closed-form solutions for discrete
eigenmode currents are particularly suitable for application in perturbation-
type studies of their coupling with adjacent devices and other nearby micro-
strip lines. Extensive numerical results are presented in connection with the

formulation for coupled microstrip lines exposed in Section 4.S5.

Radiation fields of the continuous spectrum have been conceptually iden-
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tified as forced solutions to the EFIE’s at points along transform-plane
branch cuts. Their numerical quantification has been ititiated through a MoM
formulation [7] for the forced microstrip currents. Additional research on
potentially efficient approximate iterative solutions remains to be completed.
The radiation field is required for any serious investigation of scattering by
discontinuities along open microstrip in MMIC’s. Since no suitable represen-
tation of the radiation field in microstrip-based circuits is presently avail-
able, this topic constitutes one of the major unsolved problems in the theory
of such circuits. It is conjectured that a suitable formulation can be ob-
tained based upon the integral-operator description of microstrip, since that
full-wave theory at least provides for a conceptual definition of the radi-

ation field and its spectrum [7,16].

Research papers [2,5,7] follow on the subsequent pages, while papers
(13,15] were included in Section 4.1 and paper [16] was appended to Section
4.3.
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Research Paper No. [2]

RADIATIVE AND SURFACE WAVE LOSSES IN MICROSTRIP TRANS-
MISSION LINES: J. S. Bagby, Department of Electrical
Engineering, University of Texas at Arlington,
Arlington, Texas 76019, and 0. P. Nyquist, Department
of Electrical Engineering and Systems Science, Michigan
State University, East Lansing, Michigan 48824.

An exact dyadic integratl equation is utilized In the
analysis of propagation in uniform integrated microstrip trans-
mission lines. The object of the snalysis is to predict and
quantify the radfiative and surface wave losses {n such systems.

The axially-transformed surface current Q(B;c) of a
natural mode on an integrated microstrip line satisfies the
homogeneous {ntegral equation:

> >

t-(ki + UVe) §§(5:3':c)-k(p':c) dL’ =0, pet
L

where k_ is the wavenumber in the cover region, g(p!p’i¢) fis
the Her%zian potential Green’s dyad of the background stryc-
ture, ¢ is the complex propagation constant of the mode, t is a
unit tangent to the transmission line, and & is the cross-
sectional contour of the line.

The integral representation of the Green’s dyad exhibits
singularity when the real part of ¢ i{s less than the propag-
ation constant of a surface wave mode in the integrated circuit
background structure. It ts shown that for the dominant mode
of the line the singularity is not impiicated, and all losses
are due to radiation Into the cover medium. For higher order
modes, however, the singularity Is implicated, requiring {nclu-
sfon of a resfidue term representing excitation of surface waves
fn the film layer. For higher order modes, higher losses are
observed due to excitation of surface waves in the film layer.

This equation is solved numerically by the method of

moments for narrow and wide microstrip transmission lines. The
above-described effects are demonstrated in both cases.

cover medium, €¢

microstrip line
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Research Paper No. [5]

COMPLETE PROPAGATION-MODE SPECTRUM OF
MICROSTRIP GUIDING STRUCTURES

M.J. Cloud and D.P. Nyquist
Department of Electrical Engineering
and Systems Science
B.C. Drachman, Department of Mathematics
Michigan State University
East Lansing, Michigan 48824

Results of investigating the propagation-mode
spectrum for longitudinally-invariant microstrip
systems are presented. The influence of a layered
conductor/film/cover background environment is
rigorously accounted for.

Surface current eigenmodes i(;) are solutions of
a homogeneous electric field integral equation
(EFIE). The EFIE, which is enforced at all points T
on the conducting microstrip surface S, may be stated
as

Aok +uvw -)/ E(E,2) - K(£') ds' = 0

where k is the wavenumber in the cover medium, Q is a
unit tangent vector to S, and G(r,r') is a Hertz
potential Green's dyad. This dyad depends explicitly
upon the thickness and permittivity of the film
layer. Often neglected transversely-flowing surface
currents are retained in the model through a coupled
integral equation approach, and are quantified along
with the longitudinal components.

Emphasis is placed on leaky microstrip modes
associated with transversely propagating surface
waves of the background environment. Numerical
solution is performed by Galerkin's method using
entire-domain basis functions.
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Research Paper No. [7]

Ph.D. DISSERTATION ABSTRACT

by

Michael John Cloud

Department of Electrical Engineering
Michigan State University
East Lansing, Michigan 48824

December 1987

Electromagnetic waves in millimeter-wave integrated circuits are studied.
Dielectric film and cover regions overlay a conducting half-space in the con-
figuration modeled, forming a non-uniform background for integrated devices.
Emphasis is placed on the microstrip transmission line in this environment.

This research exploits an integral-operator description of the system.
Constructed through Hertz potentials, an electric field integral equation (IE)
quantifies microstrip surface currents. Complex plane analysis in the axial
Fourier transform domain leads to the rigorous identification of discrete and
continuous eigenvalue spectra. Discrete modes are associated with simple pole
singularities, while the continuous spectrum arises from branch-cut integrals.
These modal spectra are subsequently linked to natural and forced solutions of
the IE.

Discrete wave modes are associated with the homogeneous IE, which is
solved by the moment method for electrically-thin microstrip. The current
density function is expanded in both subsectional and entire-domain basis
functions. Results clearly validate: (1) the dominant axial current approxi-
mation for narrow strips, and (2) the edge singularity for axial currents.
Dispersion characteristics are given for several modes; those for the fundam-
ental mode compare favorably with results already in the literature.

Solution of the forced IE, at points along the complex-plane branch cut,
vields spectral components of the strip radiation modes. The forcing function
is taken to be the electric field impressed by a vertical monopole current
that resides in the film layer. Preliminary moment-method results are given.

The transform-domain IE is also a basis for the study of coupling phenom-
ena in axially-uniform multi-strip systems. System propagation modes are
characterized by coupled currents sharing simple-pole singularities. Pertur-
bation approximations apply for loose coupling, leading to an overlap-integral
description of the coupling phenomenon.

Finally, a novel approach to the numerical evaluation of Sommerfeld inte-
grals, using the Fast Fourier Transform, is advanced.
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4.5 Coupling between adjacent microstrip lines

Discrete system modes of a coupled multi-microstrip configuration can be
studied based upon a transform-domain integral-operator description of the
system. Those system modes arise fron pole singularities in the complex
transform plane. A Chebychev-Galerkin’s solution to the homogeneous coupled
EFIE’s for discrete eigenmode currents of an adjacent microstrip system has
been developed [10]. A manuscript [18] describing this accurate and rapidly-
convergent full-wave formulation is presently in the review cycle. The iso-
lated-strip eigenmode propagation constant is found to split when two adjacent
microstrip become coupled, leading to two new system modes having symmetric
and antisymmetric parity among the associated currents on the two lines. This
formulation again leads to concise quasi-closed-form solutions for the eigen-
mode currents supported by coupled microstrip. Included in [18] are extensive

numerical results for both isolated and coupled microstrip configurations.

An EFIE-based coupled-mode perturbation theory for coupling among any
number of adjacent microstrip lines has been formulated [11,14,16]. It leads
to a simple formulation for propagation eigenvale shifts and relative ampli-
tudes of the various line currents for discrete system modes. Since the gen-
eral Green’s dyad kernels are exploited, both dielectric and ferrimagnetic
thin-film layers can be accomodated. The simple quasi-closed-form Chebyshev
series expressions for the isolated eigenmode currents are well suited for
application in this coupled-mode theory. Numerical implementation leads to
results which agree almost exactly with those of the numerical MoM solution
except when the lines are very closely spaced. A research paper manuscript
describing this integral-operator-based perturbation formulation is presently

in preparation.

Papers [10,11,14,18] are appended here, while paper [16] was included in
Section 4.3.
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Research Paper No. [10]

ENTIRE-BASIS MOM ANALYSIS OF COUPLED MICROSTRIP
TRANSMISSION LINES

C.-H. Lee, J.S. Bagby

Department of Electrical Engineering

University of Texas at Arlington

Arlington, Texas 76019

Y. Yuan, D.P. Nyquist

Department of Electrical Engineering and System
Science

Michigan State University

East Lansing, Michigan 48824

A system of exact dyadic integral equations is utilized in the
analysis of propagation in uniform coupled integrated microstrip
transmission lines.  Axially-transformed natural mode surface
currents on N coupled microstrip transmission lines satisfy the
homogeneous coupled dyadic integral equations:

- N .‘Q—o — - -
oY, e lp':0) o ki(p") d€'=0, j=1.....N

islv {4

. -8
where k; is the transformed surface current on the ith strip, 9is
the electric Green's dyad of the background structure, § is the

unknown propagation constant of the coupled mode, E,- is a unit
tangent to the jth strip, and ¢; is t2 cross-sectional contour of the

ith strip.

The above integral equation is solved by the method of
moments. Longitudinal and transverse currents are expanded in
entire basis functions consisting of Tchebyshev polynomials of the
first and second kind with multiplicative factors incorporating the
proper edge behavior. This formulation is shown to converge to
accurate results in as few as three terms.

Numerical results in the form of dispersion curves and
surface current distributions are presented for the dominant and
first three higher order modes, both even and odd, for the case of
two identical coupled lines.
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Research Paper No. [1l1]

EFIE-BASED PERTURBATION APPROXIMATION
FOR COUPLED MICROSTRIP LINES

Yi Yuan and Dennis P. Nyquist
Department of Electrical Engineering
Michigan State University

East Lansing, MI 48824

To solve the eigenvalue problem of coupled microstrip
lines, a full-wave analysis based on an electric dyadic
Green's function is developed. The electric field integral
equations (EFIE's) are solved, by a Galerkin's MoM technique
with Chebychev polynomial basis functions, for both isolated
and coupled microstrip. The direct numerical solution be-
comes very time consuming for a coupled microstrip systenm,
consequently an approximate coupled-mode perturbation formu-
lation is pursued.

In this paper, we present an EFIE-based perturbation ap-
proximation to solve for the system eigenmodes of N coupled
microstrip lines. In solving the coupled EFIE's, the eigen-
mode current of the isolated line (which is obtained by a
Galerkin's MoM solution to the isolated EFIE in a convenient
Chebychev polynomial series) is used as a first-order pertur-
bation approximation for nearly-degenerate eigenmode currents
of the loosely-coupled system. The EFIE's yield a matrix
equation

- __(0) _ -
Can?a[E-Can ] +2 Copdy = 0 ... for m=1,2,...,N
n#n
(0)

where T is the unknown propagation eigenvalue, Cmp is that

eigenvalue for the p‘'th mode on the n‘th isolated microstrip,
a is the current amplitude, and the Cmn are coupling coef-

ficients involving field/current overlap integrals. U is
that value which leads to a non-trivial solution for the a .

Since the Cmn are {-independent, the numerical procedure is

relatively efficient. For the special case of two-line coup-
ling, it is found that the propagation eigenvalues split and
shift symmetrically away from their isolated limit as the two
microstrip become closely spaced.

A numerical implementation of the perturbation method is
developed. The numerical results of the perturbation approx-
imation are compared with those of the MoM numerical solution.
Computation times are also compared, and the validity range
of the perturbation approximation is investigated.
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Research Paper No. [14]

COUPLED MICROSTRIP TRANSMISSION LINES: FULL-WAVE
PERTURBATION THEORY AND EXPERIMENTAL VALIDATION

Yi Yuan*. John Vezmar, Gregory King and Dennis Nyquist
Department of Electrical Engineering
Michigan State University
East Lansing, Michigan 48824

The coupling between adjacent, parallel microstrip transmis-
sion lines in the micro/mm-wave PC/IC environment is studied both
analytically and experimentally. A numerically efficient coupled-
mode theory is obtained through a full-wave, EFIE-based perturba-
tion approximation. The perturbation theory leads to propagation
eigenvalue shifts associated with symmetric and antisymmetric
coupling of both the principal and higher-order propagation modes.
Experimental measurements are made on PC-board implementations of
coupled microstrip pairs at micro/mm wavelengths to confirm the
predicted coupling lengths.

A full-wave EFIE formulation for the currents on N coupled
microstrip lines, located in the cover layer at the film/cover
interface of a tri-layered conductor/film/cover environment, is
based upon the Sommerfeld-integral representation of an appropri-
ate electric Green's dyadic. The perturbation solution to those
coupled EFIE's exploits a rapidly-convergent, modulated Chebychev
series numerical solution for the isolated strip currents as the
zero'th-order approximate induced current in the coupled system.
Propagation eigenvalues { for coupled system modes satisfy

Cmam[C—Cmp ]+ Cpn2p =0 --- form= 1,2,...,N
n#m
vwhere Cég) is the phase constant for the p'th mode on the m'th

isolated microstrip, a_ is the current amplitude on the n'th
strip, Cmm is a normallzation constant, and the Cmn are coupling

coefficients involving field/current overlap integrals. For the
case of two coupled lines, the propagation eigenvalues split and
shift symmetrically away from their isolated limit as the micro-
strip become closely spaced. A simple coupled-mode theory leads
to the coupling length in terms of the eigenvalue shifts.

The coupling length is measured experimentalily, at micro/mm
wavelengths on PC-board implementations of two coupled microstrip,
to validate the perturbation-theory predictions for similar sys-
tem parameters. A monopole microcoax probe is used to measure the
axial electric field amplitude distribution along the coupled sys-
tem. The probe is inserted through the conducting ground screen
into the film and/or cover layers to measure the normal electric
field there. A pattern of small holes is drilled through the PC
board to implement probe insertion. A harmonic heterodyne detec-
tor assures measurement linearity. A new theoretical study of
higher-order mode coupling is included.
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Research Paper No. [18]

ENTIRE-DOMAIN BASIS MOM ANALYSIS OF
COUPLED MICROSTRIP TRANSMISSION LINES

C.-H. Lee, J. S. Bagby
Department of Electrical Engineering
University of Texas at Arlington
Arlington, TX 76019

Y. Yuan, D. P. Nyquist
Department of Electrical Engineering
Michigan State University
East Lansing, MI 48824
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Abstract

A full-wave spectral-domain integral equation formulation is used to
analyze coupled microstrip transmission lines. A method of moments
solution is implemented utilizing entire-domain basis functions which
incorporate appropriate edge conditions for transverse and longitudinal
current components, allowing for closed-form evaluation of spatial integrals.
In contrast with earlier subdomain basis solutions, improved accuracy is
obtained using far fewer terms. Numerical results in the form of
propagation contants and current distributions are presented for the
dominant and first two higher-order modes, and are compared to results of
other techniques.
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1. Introduction

The problem of analysis of coupled microstrip transmission lines is one of
both considerable practical interest, and of long history. . Traditionally,
various quasi-static methods [1-5] have been used to compute the propagation
characteristics of the coupled system. However, such methods are inherently
inaccurate at higher frequencies, and are also found to be inadequate at low
frequencies for many useful combinations of substrate thickness and
dielectric constant [6]. In such cases a more accurate full-wave analysis must
be utilized.

Recently, an exact spectral-domain coupled integral equation formulation
has been introduced [8]. A subdomain basis method of moments solution of
the coupled equations has been implemented and yields accurate results in the
form of current distributions and propagation constants for the dominant and
several higher-order modes [7]. However, this method requires a large
number of basis functions to achieve desired accuracy, yielding long
computation time.

In this paper an entire-domain basis method of moments solution is
utilized. The basis functions are chosen carefully to incorporate the proper
behavior at the edges of the strips. Besides allowing closed-form evaluation
of spatial integrals, it is found that good accuracy is obtained (in the case of
an isolated microstrip) for as few as three basis functions for each current
component of low-order modes, yielding a compact approximate closed-
form solution for currents and a substantial savings in computation time.
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In section 2 the mathematical formulation and numerical solution
technique are introduced. Numerical results in the form of propagation
constants and strip current distributions are presented in Section 3.
Conclusions and areas for further investigation are given in Section 4.
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2. Formulation

Consider the coupled microstrip geometry depicted in Figure 1. The
integral equation satisfied by the unknown surface current with an assumed
propagation dependence of exp[j(wt-{z)] on an isolated microstrip
transmission line is given in [8]. This equation can easily be extended to an N
coupled microstrip transmission line structure {7], and takes the following
form:

> - -

. ~~ N
t,--(VV-+kcz)2fg(plp C)k (p)de' =0, petj,j=1,...,N. ¢))
i=l

where k; is the axially-transformed surface current on the il strip, g is the
transformed electric Hertzian potential Green's dyad of the microstrip
background structure, § is the unknown propagation constant of the coupled
mode, t; is a unit tangent to the jth strip, £, is the cross-sectional contour of the
. . = pn A0 A A
ith strip, and V = V.+ijlz= x-a—— + yai +jCz is the transformed del operator.
X y
The Hertzian potential Green's dyad decomposes into a principal and a
- e p - P. . .

reflected part, g=Ig”+g’, where 9 is the 2-dimensional unbounded-space
Green's function in integral representation, and

0'0_.—.

g plp)= xgtw( geR+Qa7+ilg. D+3Q, @

The scalar components of the reflected Green's dyad are given in terms of
inverse transform integrals:
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[~ = o0

(pip"
g: - — /R‘a) cjé(x-x')e-m(y+y')
Jalplp) P = R,(\) y d& 3)
cond ) @)

[+

-00

2 2.2 5,2 2 2.2 o ) )
Here A =§ +{ ,p. =X -k, pf =A -k¢, and the reflection and coupling

coefficients are given by

_ Pe-prcoth (pr) _ Kp.-pstanh(pst)
© Petpreoth(pst) " Kpc+pgtanh (pet)

C)]
C= 2(K-1)p, gt
" [P+ pecoth (PDI(K p.+ petanh (pet)] —sc

2.1 Two identical microstrip lines
Now consider a coupled system of two identical microstrip lines. Assume
that the lines are infinitely thin and are extended axially to infinity, as shown

in Figure 2, where b is half of the spacing between the centers of the two
strips and w is half of the strip width.

In this case, the integral equation becomes
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Jy_'OZf(kc+VV)g(plx y'=0;0- k(x y'=0;0dx'=0, j=1,2 (5

where interchange of differentiation and integration is valid since y # 0. As
y—0, the contour involved in the integration is only the path along the x-axis
and is denoted as £,,. For the specialized structure, the tangential unit vector

t and the surface current k can be expressed as

t=xt,+zt,, k=xky+zKk,

To evaluate equation (5), we rewrite the integral representations of the scalar

components g® and g , oas

p.r — , °°.p,r hnd .
Jenc@ x50 = 1. lx38,8)dE (6)
-00
with
o_ S8 e
4np.
T
1y
c Rl jexx) -pey
: e e
| ={ Ry }————
.r C 4npc
l¢

64




where the fact y'=0 has been applied. Substitute (6) into (5) to obtain

.2 e T - — —-
t- I;H(r)lz ff kHV V)1 Ix5E,E)- K (x50 dE dx' =0 (7
~Yi=l .

. i - = ~ ~ ~ . a R
Notice that the operator V is now V=j§x+—a§-y+j§z since 5——)]5 when we
y X

) 0
interchange — and | d&.
8 ox f

After some algebraic manipulation, we obtain

1 k=" + Dk, +t k) (8)

or )

<
<

1 k=(t+itt) A" +1) GEK +iLK )-pei.(GEK, +iCK,)] ©)

Substituting (8) and (9) into (7) and taking the limit y— 0 in the results, we
obtain two coupled equations by letting t=x and t=z. They are
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ej §(x-x")

: ke (1+R ;) ky-&(1 +R-pcC) G e+ G k)1 dE dx' =0
i=1 4Rp.

eJ'§(x-x') .
(ke (1+R ) k4~ L(1+R;-p.C) (§kx+§kz)] d§ dx'=0

i=1 41tpc

The final form of the integral equations for the two indentical microstrip
line structure can be obtained by resolving exi as ?’n:[ -b-w,-b+w] and

€x2=[b-w,b+w],

-b+w
~ LS R
X [kc kal‘g(R'c')(gkxl“'ckzl)]d’g dx’
4np.
-b-w
(10
b+w
S
+ 4 [kc ka2'§(R'C')(§kx2+ckz2)] d& dx'=0
Rpc

66




-b+w
~ ei&(X-x') )
z: (ke Rk, -§R-C')(Ekyy+Ek,)dE dx'
4np.
-b-w
(11)
b+w
ci&(X-X') )
+ (ke Rk,5- C(R-C')(&kxﬁl;kzz)] d€ dx'=0
47D,
b-w

Here ky1, k71 and kx2, kz7 are transverse and axial currents for strip 1 and

strip 2, respectively, and

2p
pct+pecoth (pet)

R=1+R,=

) 2(K-1p,”
[pc+ pgcoth (pst)] [Kp+ petanh (pgt)]

C'=p.C

Equations (10) and (11) are the coupled integral equations for the
microstrip structure depicted in figure 2. They have a non-trivial solution
for ¥.'s and k4's only when {={ m is an eigenvalue; here m=0,1,2,..., is the
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mode number. In practical analysis, we can take advantage of the symmetry
in x inherent in the coupled structure to further simplify the I.E.'s. For
symmetric eigenmodes the currents exhibit even symmetry and we let
Ke1(X) = kxa(-x') and k53 (x') = kp(-x"); similarly, for antisymmetric mode
we let kg (X') = -kyp(~x") and k,;(x")= - kp(~x') since the currents now
have an odd symmetry. Then the coupled L.E. can eventually be written in
terms of just k(X' and kp(x'). We will solve the coupled LLE.s by the

method of moments using entire-domain basis functions.

2-2 Entire-domain basis MoM solution

The MoM solution to equations (10) and (11) depends on a reasonable
choice of basis functions. These basis functions should incorporate the edge

conditions that Ez is singular and in is zero at the edges of the microstrips. In
this paper, instead of using subdomain basis MoM for which the solutions
satisfy the electromagnetic boundary conditions only at discrete points, we
use entire-domain bases for expansion of the unknown surface currents and
testing. The main advantage of entire-domain bases lies in problems where
the unknown function is assumed a priori to follow a known pattern [9]. In
such cases, entire-domain functions may render an acceptable representation
of the unknown while using far fewer terms than would be necessary for
subdomain bases.

Based on the results presented in [7], it is found that Chebyshev

polynomials multiplied by an appropriate edge-factor are one of the best sets
that fit the solution currents of this coupled microstrip structure well. In our
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work we choose Chebyshev polynomials of the second kind U, (x') to expand
the unknown transverse transmission line currents since the latter can
accui'ately be represented with a linear combination of just few functions of
this kind. By similar reason, the same polynomials of the first kind T, (x")
have been used for axial currents expansion. Use of these functions has the
added advantage of allowing spatial integrals to be evaluated in closed form.

From above discussion, we expand kx2(x") and k5 (x") as follows:

" N-1 '\
ka(x)=4/ 1-(222) EanUn(wa)

n=0

N-1
, 1 b
k,p(x")= 2 baTa(=D)

2
' n=0
V-5

where a, and b, are expansion coefficients representing the contribution of
each order of the Chebyshev polynomials U, (x) and T, (x') to the unknown
surface curvents and the factors in front of the summation terms give U, (x")
and T, (x') the correct edge behavior.

To test the coupled L.E.s after doing the expansion of unknown currents,
we follow Galerkin's method and utilize the same functions for testing. We
need the tabulated integral formulas listed in [10] and in the appendix for the
calculation involved in current expansion and testing. For the sake of
brevity, we omit some purely algebraic steps and finally obtain the L.E.'s for
the coupled structure as
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symmetric modes:

igo [.n f.a\l{, 2 2 .
[COS (Eb) Re \j } - sin(€b) Im \j /][k;R -& R- C')] Im+1(§w) JartEw) dE

~ Ni
X: ) a, (a+l)
n=0 & pe

E byw { f °’:b [cos(?,b) Re{;"}- sin(&b) Im { }](R CY T (Ew) T (Ew)dE=0

n=0 <

n=0 ¢

~ “cj &b n {.n
Z: z n+1)C > [COS (€b) Re {J } -sin(€b) Im \_] }] R-C") Jm(iw) Jos 1(§W) d&

-]

N-1 ” jgb 2
- bw f °p [cos(&b)Rc{j"}-sin(ﬁb)[m{j“}][k?,R-C (R-C')] T (Ew) I (Ew)dE=0

antisymmetric modes:

~ N-1 . j&b
X: Y, ay(n+l) ch_[

. cos(zb) Tm{j"} + sin Eb) Re {J‘“}][kfR-g(R-c)] T i(&W) Tt (W) 08
= € p.

Ll

n=0 c

Nﬁ by w L f :b [cos(ab) Im {j"}+ sin (€b) Re {j"}](R-C')JmH(ﬁw)Jn(&w) =0
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~ N- “. i&
z: Nﬁ a,(n+1) ¢ f p; b[cos(&b) im {j} + sin (&b) Rc{j"}] (R-C)T (EW) T, Ew)dE
n=0 c .

[+

“. j&éb 2
- by w f J°p [cos(gb)1m{j“}+sin(§b)ke{j“}] [kiR-c (R-C')] J o (Ew) T (Ew)dE=0

The integration limits (— oo, o) in the variable & can be reduced to

(0, o0) by considering m and n to be even or odd respectively. Those terms

which are odd with respect to & will integrate to zero , and those even terms
will survive and the final L.E.s can be written as two times the same integral

with the integration limits [0,o0). In matrix form the L.E.s can be written

as

Z N 7 N

a, 0
ZXX ZXZ *
aN-lT = 0
sz ZE PO O
\bN'y \ OJ
2N x 2N 2Nx1 2Nxl1
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where each element in the Z matrix is in terms of a spectral integral on &, and

ap---»8N. 15 bg....,b . ; are coefficients for expansion polynomials. We have
2N equations for 2N unknowns. To obtain a non-trivial solution, the
determinant of the coefficient matrix must vanish. Since Matrix elements
depend on the propagation constant {, we can iterate to find {, for the
eigenmodes. Some typical calculated results will be shown in next section.




3. Numerical results

A computer program in Fortran 77 using the method described above was
prepared to calculate the propagation constants (or eigenvalues) and currents
for the fundamental and higher order modes of the coupled microstrip
structure. For convenience in comparison with the results in [14] and [15],
the case with a dielectric constant of ng=kg/ky=3.13, n.=1.0,

t=0.635 mm,w = 1.5 mm and a varying distance b has been calculated and
will be presented here.

3-1 Eigenvalues

Table 1 shows the eigenvalues for the fundamental and first two higher
order modes at operating frequencies near cutoff. For each mode at the

specific frequency, it can be seen that they agree with the well known fact that

Ga<Giso<Gs, where Ga Siso and &sare eigenvalues corresponding to
antisymmetric, isolated, and symmetric modes, respectively. The smaller the
spacing b/w, the larger (smaller) the eigenvalues for symmetric
(antisymmetric) system modes. When the separation of the two coupled
microstrips is large enough (in our work, about b/w > 2), the eigenvalues
converge to the corresponding isolated one. Indeed, the symmetric and
antisymmetric modes can be viewed as emerging from the corresponding
isolated mode. Figure 3 shows the case of EH, Mode. While (b-w)/w is
getting smaller, eigenvalues of the EH, symmetric and antisymmetric system
modes are separated further, and ultimately, when two microstrips contact
on inside edges, the EH,, symmetric mode goes to the EH, mode of an isolated
strip with double width, and the EH, antisymmetric mode goes to the EH
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mode of the same width-doubled strip.

The behavior of eigenvalues for this coupled structure agrees very well
with the results obtained by using the analysis in [1].

3-2. Currents

The axial and transverse currents for each mode mentioned above are
shown in figures 4, 5 and 6 (since currents have either even or odd
symmetry, only k,; and k,, for each mode are shown here.). In numerically
quantifying the currents, we found that three Chebyshev polynomials are
enough to accurately represent the unknown surface currents on an isolated
microstrip. However, for currents on each microstrip of the coupled system,
we need the first five to obtain an accurate result. It can be seen in Figure 4-
a, b, 5-b and 6-b that due to the repulsion of the surface charge, currents for
symmetric modes have smaller value near the inside edge than at the outside
edge. On the other hand, due to the attraction of charge, the antisymmetric
modes have larger current near the inside edge. This behavior of currents is
not so obvious in figure 5-a and figure 6-a, since at such low frequencies, the
effective width of the strip is so narrow that it can not fit the complete pattern
of the currents. At higher frequency (40 GHz for EH; mode or 90 GHz for
EH, mode, for example) we did find that transverse currents for EH; and
EH, have the same behavior as mentioned above. In all cases, we can see the
currents for isolated line lie between the two groups of currents of
symmetric and antisymmetric system modes as expected.
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Conclusions

A full-wave spectral-domain integral equation formulation has been
presented for analysis of coupled microstrip transmission lines. A method of
moments solution utilizing entire-domain basis functions which incorporate
appropriate edge conditions for transverse and longitudinal current
components allows for closed-form evaluation of spatial integrals. In
contrast with earlier subdomain basis solutions, improved accuracy is
obtained using far fewer terms. Numerical results in the form of
propagation constants and current distributions for the dominant and first
two higher-order modes compare favorably to results of other techniques.

A more difficult problem is the solution in the case of lossy modes. This
condition occurs when the propagation constant falls below the eigenvalue of
a surface-wave mode supported by the integrated circuit background
slabguide structure. In this case singularties in the spectral integrands move
close to the real axis, and complex-plane evaluation techniques become
necessary . Work along these lines is proceeding, and is expected to yield
results in the near future.
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Appendix

Other than the tabulated integral formulas listed in [10], we need to

develop formulas for evaluating following integrals:

1 1
f V1-x* cosax U, (x)dx ... (1) f Vi-x? sinax U (x)dx ... (2)
-1 -1

1 1
COs ax Tn(x)i— ... 3 sinax T (x) dx e @
) 1- x2 1 1-x°

To evaluate (1) and (2), refer to Gradshteyn's book, eq. (7-321), p. 830,
which is

1

- l-v .n v
(1- xz) z nv(x)dx=n2 i ['(2v+n) a 1@
n! )

—

-1

Since Un(x)=C(,1,)(x), where C, (x) is the Gegenbauer polynomial, The above

formula can be specializad to

n!' (1)

n
2y -1 i 1
f Vix ™ U, () dx = L 1O Ri T S = LEOD
a
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Thus we obtain following formulas for (1) and (2):

a

1
f V1-x? cosax U, (9dx = =8 1 1 (@) Rei')
-1

T, (@ Im{i )

1
f V1-x% sinax U, (0ydx= 22D
a
1

Similar procedure can be taken for evaluating (3) and (4). We now refer to
eq. (7-355), p. 836, the same book:

1
. dx .4
f T2n41 (X) sinax =(-1)" 3 J20n1 (@)
1- x2
0

1
dx n
f T,n(x) cos ax — = 1" 3 12.(2)
0

From this we can write

0, for odd n.

cosax T,(x) dx =

1- x2 { (-1)“/21t J.(@), for evenn.
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1
n-l
D72 xly()),
sinax'r,,(x)ﬁ‘_‘_%= { :

-1

Also notice that

iax
e T,(x)

1
dx

cosax T, (x)

1-x 1-x

n-!

i¢-1)7 xl,(a),

{ D"’rI.@),

.n
=1 nJ @),

forodd n.

for even n.

1

+1 sinax T, (x)

for odd n.

for even n.

for any n.

Thus we obtain folowing integral formulas for use.
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Table 1: Eigenvalues

Mode | 10 GHz 220Gz | 40GHz
b/w EH EHj EHp
1.10 3.00638 | 2.17164 | 223297 || < ,

etric
1 25 208567 | 2.12381 | 221197 F S e
1.50 295200 | 209482 | 219654 |
Isolated | 2.89586 | 2.06867 | 2.17533
1.50 283309 | 205419 | 2.15925 |
, Antisymmetric

| 25 278686 | 2.01026 | 2.11995 odes
1.10 275250 | 194495 | 2.05663 |
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Figure captions :

1. Figure 1: General system of N coupled microstrip lines.

2. Figure 2: Two identical thin coupled microstrip lines.

3. Figure 3: Dependence of propagation phase constant { for EHj system
modes of two coupled microstrip lines upon line spacing;

symmetric and antisymmetric system modes emerge from the
isolated EHy mode.

4. Figure 4: (a) Transverse currents; (b) axial currents for EH, coupled
mode.

5. Figure 5: (a) Transverse currents; (b) axial currents for EH; coupled
mode.

6. Figure 6: (a) Transverse currents; (b) axial currents for EH, coupled
mode.
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Figure 3. Dependence of propagation phase constant ¢ for EH, system modes
of two coupled microstrip lines upon line spacing;
antisymmetric system modes emerge from the isolated EH, mode.
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4.6 EM response of microstrip patch devices and antennas

A rigorous description for natural resonance modes of microstrip patch
devices in the MMIC environment, and the excitation of those modes, has been
completed [16] based upon an EFIE description of such devices immersed in a
layered dielectric/ferrimagnetic surround. Natural rescnances arise from
simple-pole singularities in the temporal complex transform piane, and are
quantified as the non-trivial solutions to resulting homogeneous integral-
operator equations. Numerical quantification of those modes for a circular-
patch device is implemented [6] using Chebyshev series representations, appro-
priately modulated by square-root edge singularity factors, for the induced
current components. Complex natural frequencies of several resonance modes
and the associated natural-mode currents are obtained. A M.S. degree thesis

on this topic is presently in preparation.

An EFIE-based coupled-mode perturbation theory for the system-mode reson-
ant frequencies and relative current amplitudes describing an ensemble of
coupled microstrip antennas in the MMIC environment [16] has been generalized
to permit the presence of ferrimagnetic film layers. This perturbation ap-
proximation exploits natural-mode currents of isolated devices to obtain coup-
ling coefficients for system-mode currents as overlap integrals of the current

on one device with the resonant field of another.

Scientific paper [16] was included with Section 4.3, while paper [6] is
appended here.
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Research Paper No. [6]

INTEGRAL EQUATION FORMULATION FOR NATURAL MODES OF A CIRCULAR
PATCH ANTENNA IN A LAYERED ENVIRONMENT

Eric W. Blumbergs, Dennis P. Nyquist, and Paul F. Havala

Department of Electrical Engineering and Systems Science
Michigan State University, East Lansing, Michigan 48824

This paper investigates the natural resonant modes of a circu-
lar path device immersed in an integrated conductor, film, and
cover environment. A full two-dimensional EFIE description which
totally accounts for the layered environment is developed. This
development uses a polar coordinate Sommerfeld-integral representa-
tion of the dyadic Green's Function. The possibility of surface
waves of the layered hackground is also included.

The natural mode formulation is based on a pair of coupled
EFIE's. These eguations are of the following form:

- -] k .
Z e Z: /%n(p )Ka\,(plp )de' = -j TO_ E;(p,e)
n=-= v=p,8~0

for a=p,8 where a (P') are radially dependent Four1 r expansion
coeff1c1ents of surface currents on the patch, K, ') are, ker-
nels arising from the Hertzian potential Green' s dyad, and E (r,8)
are components of the impressed field tangent to the patch surface
Natural modes satisfy the homogeneous specialization of E (0 ,8)=0.

Orthogonality of the exp(jne) leads to independent systems of
homogeneous equations for each n. Numerical solutions for natural
frequencies and eigenfields are pursued by Galerkin's method. The
special case n=0 leads to independent IE's for a and ay; corres-
ponding field components are coupled for higher-order modes. Rep-
resentative results are presented.
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4.7 Experimental measurement of EM interactions in MMIC’s

A complete V-band mm-wave instrumentation setup has been acquired and
installed. Funds provided in the 10/1/87 to 12/31/88 reneral period allowed
the purchase of a required local oscillator for the harmonic-mixer detector
and MS-DOS PCB design software for use on the personal computer in MSU’s new
millimeter-wave laboratory. Low-loss PCB microstrip circuits are being fabri-
cated to simulate the MMIC environment. Interactions between microstrip waves
and adjacent patch devices are being studied experimentaliy to quantify the
associated coupling and radiative scattering. The measured results provide
for validation of the analytically predicted scattering characteristics. Val-
idation of the coupled-mode perturbation theory for adjacent microstrip lines
will be accomplished through experimental measurements on PCB implementations

of such a coupled-line configuration.
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